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PHYSICAL REVIEW A 68, 030501~R! ~2003!Clock transition for a future optical frequency standard with trapped atoms
Ire`ne Courtillot, Audrey Quessada, Richard P. Kovacich, Anders Brusch, Dmitri Kolker, Jean-Jacques Zondy,
Giovanni D. Rovera, and Pierre Lemonde*
BNM-SYRTE, Observatoire de Paris 61, Avenue de l’Observatoire, 75014 Paris, France
~Received 5 March 2003; published 9 September 2003!
We report direct excitation of the strongly forbidden 5s2 1S0-5s5p 3P0 transition in 87Sr. Its frequency is
429 228 004 235~20! kHz. A resonant laser creates a small leak in a magneto-optical trap ~MOT!: atoms build
up to the metastable 3P0 state and escape the trapping process, leading to a detectable decrease in the MOT
fluorescence. This line has a natural width of 1023 Hz and can be used for a new generation of optical
frequency standards using atoms trapped in a light-shift-free dipole trap.
DOI: 10.1103/PhysRevA.68.030501 PACS number~s!: 32.30.Jc, 06.30.Ft, 32.80.2t, 39.30.1wIn addition to being at the heart of the international sys-
tem of units, extreme frequency metrology finds a wide
range of applications throughout physics. As an example,
tests of the stability of fundamental constants are performed
by comparing the frequencies of different atomic transitions
@1,2#. These laboratory tests are already competitive with
those performed at the cosmological scale @3,4# and improve
with the accuracy of the atomic transitions frequency mea-
surements. Microwave frequency standards such as atomic
fountains now have relative accuracies better than 10215
with potential improvements down to 10216 @5#. Going fur-
ther, however, seems extremely difficult due to the limited
quality factor of the atomic resonance in these devices
(;1010). Optical frequency standards exhibit much higher
line-Q , up to 1014 as recently demonstrated in Ref. @6#.
These devices reach fractional frequency instabilities below
10214 over 1 s @7#, almost one order of magnitude better than
fountains @5#. Their current accuracy lies near 1 part in 1014
with anticipated large room for improvement @2,8–11#.
Two different approaches are commonly used to develop
optical frequency standards @12#. The first one is based on
the spectroscopy of a single trapped ion, the second on the
spectroscopy of a large ensemble of free falling neutral at-
oms. It is a commonly shared opinion that the ion approach
may lead to a better ultimate frequency accuracy due to the
‘‘perfect’’ control of the ion motion, while the atomic ap-
proach should lead to a better frequency stability thanks to
the numerous quantum references contributing to the signal.
Recently Katori proposed a scheme that combines the advan-
tages of both approaches @13#. The idea is to trap neutral
atoms in the Lamb-Dicke regime in an optical lattice operat-
ing at a wavelength where the light shift of the clock transi-
tion vanishes.
Katori proposed to use 87Sr probed on the
5s2 1S0-5s5p 3P0 line at 698 nm, which indeed seems an
ideal system for the realization of this scheme. This J50
2J50 resonance is only slightly allowed by hyperfine cou-
pling and its metrological properties are exquisite. A natural
linewidth of ;1 mHz can be derived from the hyperfine data
found in Ref. @14#. It has a high insensitivity to external
electromagnetic fields. The light-shift cancellation is ex-
*Electronic address: pierre.lemonde@obspm.fr1050-2947/2003/68~3!/030501~4!/$20.00 68 0305pected to occur near 800 nm, a wavelength far from any
atomic resonance and for which powerful and practical laser
sources are readily available. Apart from a residual effect due
to hyperfine structure, the light-shift cancellation is indepen-
dent on polarization. Finally, higher-order effects due to the
trapping field are expected to be extremely small on this
particular line @15#. We report here the direct excitation and
frequency measurement of this transition, the most forbidden
optical transition of a neutral atom ever directly detected.
The experiment is performed on a sample of cold atoms
collected in a magneto-optical trap ~MOT!. An atomic beam
is decelerated in a Zeeman slower and captured at the cross-
ing point of three retroreflected beams tuned 40 MHz to the
red of the 1S0-1P1(F59/2) transition ~Fig. 1!. The setup is
described in details in Ref. @16#. For this particular experi-
ment 33106 87Sr atoms are trapped at steady state at a tem-
perature of 2 mK. The atomic cloud has a 1/e2 diameter of 2
mm. To probe the 698-nm line, a 14-mW laser beam passes
four times through the atomic cloud in a standing wave con-
figuration. The probe beam waist radius is 1.3 mm. Generally
speaking, the detection of extremely forbidden transitions is
an experimental challenge, and at first sight it seems a des-
perate task with our system: the resonance is expected to be
Doppler broadened to 1.5 MHz @full width at half-maximum
~FWHM!# more than three orders of magnitude higher than
the Rabi frequency ~0.8 kHz!. Thus only 103 atoms are ex-
FIG. 1. Energy diagram of 87Sr with wavelength and decay rate
(s21) of the transitions involved in the experiment. For clarity, the
hyperfine structure is not represented (I59/2).©2003 The American Physical Society01-1
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COURTILLOT et al. PHYSICAL REVIEW A 68, 030501~R! ~2003!pected to be resonant with the laser at a time. In addition, an
efficient fluorescence detection of atoms in the 3P0 state is
made difficult by the absence of cycling transition from this
state. Finally the energy of the 3P0 state is known from
databases to within a few hundred megahertz only.
To overcome these problems we have first determined the
resonance frequency with an accuracy of 110 kHz by mea-
suring the frequency of the 1S0-3P1 line at 689 nm and of
the frequency difference between the 3P1-3S1 and 3P0-3S1
transitions at 688 nm and 679 nm, respectively ~see Fig. 1!
@17#. Second, to amplify the fraction of cold atoms trans-
ferred to the 3P0 state by direct excitation, we have taken
advantage of the fact that the lifetime of the MOT is 40 times
larger than the Rabi oscillation period. A laser tuned to reso-
nance induces a leak in the MOT leading to a detectable
decrease in the number of trapped atoms of 1%.
The experimental setup used for all frequency measure-
ments is described in Fig. 2. An extended cavity laser diode
~ECLD1! is locked to a high finesse cavity using the Pound-
Drever-Hall method @18# with performances reported in Ref.
@19#. Its frequency is continuously measured vs a hydrogen
maser with a scheme based on a self-referenced femtosecond
Ti:sapphire laser @20,21#. The relative resolution of this mea-
surement is typically 3310213 for a 1-s averaging time. A
second laser ~ECLD2! is offset-phase locked to ECLD1. The
beat note between both lasers is mixed with the output of a
radio-frequency synthesizer to generate the offset-phase lock
error signal. The bandwidth of the servo control is 2 MHz.
With this scheme the light of ECLD2, which is sent to the
atoms, can be tuned to any frequency between two modes of
the cavity of free spectral range 1.5 GHz by actuating the rf
synthesizer. Two sets of lasers are used. One can be tuned
from 675 to 685 nm, the other from 685 to 698 nm.
FIG. 2. Experimental setup used for frequency measurements.
An extended cavity laser diode ~ECLD1! is locked to a high finesse
Fabry-Pe´rot cavity (F527 000). 100 mW are sent to a frequency
chain based on a femtosecond laser for absolute frequency measure-
ment. A second laser ~ECLD2! which is used to probe the strontium
atoms is offset-phase locked to ECDL1. The beat note collected by
an avalanche photodiode ~APD! is mixed with a radio-frequency
reference. Noise and frequency offsets introduced by optical fibers
are negligible in this experiment. EOM: electro-optical modulator.03050The frequency of the 1S0-3P1(F59/2) transition is mea-
sured with an atomic beam, which appeared to be simpler
than with the cold atom setup. The obtained frequency is
434 829 342 950~100! kHz, with an uncertainty mainly domi-
nated by statistical noise and imperfect knowledge of the
magnetic field.
The determination of the fine-structure splitting between
3P0 and 3P1 is performed with the cold atoms. While
trapped and cycling on the 1S0-1P1 transition, atoms even-
tually emit a spontaneous photon which brings them to the
1D2 state ~Fig. 1!. This state has two main decay channels:
to the 3P1 and 3P2 states. Atoms in the 3P1 state decay back
to the ground state and are kept in the trap while atoms in the
metastable 3P2 state are lost. This process limits the lifetime
of the MOT to some 50 ms. We make the fine-structure mea-
surement by modifying this escape process. If a laser reso-
nant to one of the hyperfine components of the 3P1-3S1 tran-
sition is added to the trap, atoms in the corresponding 3P1
state are pumped to the 3P2 and 3P0 metastable states. They
escape the trap instead of decaying back to the ground state.
This decreases the trapped atom number. Figure 3~a! shows
the fluorescence of the MOT as a function of the 688-nm
laser detuning from the 3P1 ,F59/22 3S1 ,F511/2 reso-
nance.
A direct detection of the 3P0-3S1 transition by the same
technique is not possible because 3P0 is not populated in the
MOT. Instead, a first signal is obtained by detecting the light
shift of the 3P1-3S1 transition induced by a 679-nm laser
close to the 3P0-3S1 resonance. With an intensity of
1.8 mW/mm2, a shift of 100 kHz is observed for a detuning
of 100 MHz. For a 679-nm detuning smaller than the width
of the 688-nm resonance, a dip appears in the resonance
profile due to coherent population trapping ~CPT!: when the
frequency difference between both lasers matches the atomic
fine structure, there exists a coherent superposition of 3P1
and 3P0 states which is not coupled to 3S1 @22#. Atoms in
this dark state are not pumped to 3P2 but decay back to the
ground state in a few 10 ms due to the 3P1 instability. They
are kept in the MOT. When the CPT dip is centered on the
688-nm resonance, the 679-nm laser is tuned to resonance.
The observed signal in this configuration is shown in Fig.
3~b!. The fine-structure measurement is performed light-
shift-free with both lasers locked on resonance. We measured
a frequency of 5 601 338 650~50! kHz with an uncertainty
mainly due to the magnetic field gradient of the MOT. Ac-
FIG. 3. Relative MOT fluorescence signals obtained when a
688-nm laser is swept around the 3P1 ,F59/2-3S1 ,F511/2 transi-
tion. ~a! 688-nm laser only; ~b! with an additional 679-nm laser
tuned to the 3P0 ,F59/2-3S1 ,F511/2 resonance. In this case the
CPT dip is observed. Intensities of the 688-nm and 679-nm lasers
are 5 mW/mm2 and 2 mW/mm2, respectively.1-2
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CLOCK TRANSITION FOR A FUTURE OPTICAL . . . PHYSICAL REVIEW A 68, 030501~R! ~2003!cording to these measurements, the 1S0-3P0 transition is ex-
pected to have a frequency of 429 228 004 300~110! kHz.
For the direct observation, we induce in the MOT a leak
to the 3P0 state with a laser tuned to resonance. The lifetime
of the trap is two orders of magnitude longer than the dura-
tion of a p pulse on the forbidden transition with the laser
parameters given above. This leads to a buildup by the same
factor of the fraction of atoms escaping the MOT if the trans-
fer rate to 3P0 is constant and if the atoms, once in the 3P0
state, actually escape the trapping process. The trapped atom
number should then decrease by several perecent. One way
to fulfill the transfer rate condition could consist in using the
MOT to rethermalize atoms to fill the dip in the velocity
distribution created by excitation to 3P0. For the escape con-
dition, one could think of optical pumping to 3P2 with a
laser tuned to 3P0-3S1. In our experiment however, the Dop-
pler effect induced by gravity is sufficient to fulfill both con-
ditions. The experiment is operated sequentially: by means
of acousto-optic modulators we alternate a capture and cool-
ing phase with the blue lasers and a probe phase with the
698-nm laser. During the probe phases atoms are free falling
both in the ground and exciting states. The frequency sweep
caused by acceleration amounts to several times the Rabi
frequency per millisecond with the 45° angle formed by the
698-nm probe beam and vertical. Atoms transferred to the
3P0 state and the corresponding dip in the velocity distribu-
tion of the ground state are then rapidly detuned from the
excitation laser. The pulsed operation also avoids any light
shift of the forbidden transition by the trap beams. The opti-
mization of the time sequence results from a trade-off be-
tween the capture efficiency of the MOT, the ballistic expan-
sion of the atomic cloud during probe phases, and the
efficiency of excitation to 3P0. With phases of capture of 3
ms duration and probe phases of 1 ms duration, we have 1
3106 atoms at steady state in the MOT and the contrast of
the resonance is 1%. In Fig. 4 is shown the fluorescence of
the trapped atoms vs the 698-nm laser detuning from reso-
nance. A narrow sub-Doppler structure is expected at the
center of the resonance due to the standing-wave configura-
FIG. 4. Direct observation of 1S0-3P0 transition. The line is
broadened by the Doppler effect due to the finite temperature of the
atoms to 1.4 MHz ~FWHM!.03050tion. With the present signal-to-noise ratio, we are not able to
detect it.
We have locked the laser to the 1S0-3P0 resonance for the
determination of its frequency. Measurements on both sides
of the resonance are alternated with a 140 ms duration. The
resulting error signal is integrated and fed back to the syn-
thesizer driving the offset-phase lock of ECLD2. The aver-
age frequency is 429 228 004 235 kHz with a residual statis-
tical uncertainty of 20 kHz after 2 h of integration. At that
level, the systematic effects are negligible. The first-order
Doppler effect vanishes due to the standing-wave configura-
tion. The Zeeman effect induced by the MOT field gradient
is less than 1 kHz, since the Lande´ factors of the 1S0 and
3P0 levels are of the order of 1024. The light shift which
would result from imperfect extinction of the blue light is
also estimated below 1 kHz. Table I summarizes the indirect
and direct measurements and confirms the good agreement
between both methods.
The technique used for the direct detection of this line can
be extended to other atomic species. As an example, Yb has
the same level scheme as Sr with several isotopes having
nonzero nuclear spin. With Yb atoms trapped on the 1S0-3P1
transition of natural width 200 kHz, the lifetime of the MOT
can be much longer than the blue Sr MOT, up to several
seconds in Ref. @24#. The contrast of the forbidden line
would then be close to 100%.
The observation of the 1S0-3P0 transition is a first step
towards the realization of an optical frequency standard us-
ing trapped neutral atoms. Clearly the next step is the mea-
surement of the wavelength of the dipole trap beam where
light-shift cancellation occurs. This measurement requires
better frequency resolution than achieved here, i.e., higher
laser intensity at 698 nm and/or colder atoms.
In this type of optical frequency standards a line-Q as
high as 1015 is achievable if the spontaneous emission rate in
the optical trap is less than one per second. With a laser
intensity of 83107 W/m2, the trap oscillation frequency can
be 50 kHz and the spontaneous emission rate 0.4 s21. With a
line-Q of 1015 and a reasonable trapped atom number of the
order of 106, ultimate performances are orders of magnitude
better than existing devices. The frequency noise of the laser
used to probe the atoms will then be of decisive importance
@19#. State-of-the-art ultrastable lasers use macroscopic reso-
nators as a reference and exhibit 1/f frequency noise at Fou-
rier frequencies below a few Hertz @23#. We propose to cir-
cumvent this problem with a first stage servo control to the
atomic transition with a separate setup fully optimized for
frequency stability: large number of atoms, favorable duty
TABLE I. Measured frequencies of 87Sr transitions (F59/2 for
all atomic states!.
Transition Frequency ~kHz!
5s2 1S0-5s5p 3P1 4348293429506100
5s5p 3P0-5s5p 3P1 5601338650650
5s2 1S0-5s5p 3P0
Indirect measurement 4292280043006110
Direct measurement 4292280042356201-3
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COURTILLOT et al. PHYSICAL REVIEW A 68, 030501~R! ~2003!cycle, etc. At the price of an increase of the experimental
width of the atomic resonance the response time of the ser-
vocontrol can be as fast as desired. With this additional de-
gree of freedom, the optimization of ultrastable lasers should
lead to a large improvement of their performances. One
could then approach the demanding requirements of the op-
tical standard using trapped neutral atoms.03050We thank Ouali Acef, Andre´ Clairon, Michel Lours, and
Giorgio Santarelli for helpful discussions, and the optoelec-
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468 OPTICS LETTERS / Vol. 28, No. 6 / March 15, 2003Efficient cooling and trapping of strontium atoms
I. Courtillot, A. Quessada, R. P. Kovacich, J-J. Zondy, A. Landragin, A. Clairon, and P. Lemonde
Bureau National de Métrologie–Systèmes de Référence Temps Espace, Centre National de la Recherche Scientifique,
Unité Mixte de Recherche 8630, Observatoire de Paris, 61 Avenue de l’Observatoire, 75014 Paris, FranceReceived September 3, 2002
We report the capture of cold strontium atoms in a magneto-optical trap (MOT) at a rate of 4 3 1010 atomss.
The MOT is loaded from an atomic beam decelerated by a Zeeman slower operating with a focused laser
beam. The 461-nm laser, used for both cooling and trapping, was generated by sum-frequency mixing in a
KTP crystal with diode lasers at 813 nm and a Nd:YAG laser at 1064 nm. As much as 115 mW of blue light
was obtained. © 2003 Optical Society of America
OCIS codes: 020.7010, 140.3320, 190.2620.Laser-cooled alkaline-earth atoms are stimulating a
growing interest in the f ield of atom physics. Because
these atoms have a J  0 ground state, studies of
cold collisions1,2 or of coherent light transport in a
cold atomic sample3 are vastly simplif ied compared
with similar studies of alkaline atoms. For optical
frequency metrology the existence of several narrow
transitions has already yielded outstanding results
with Mg (Ref. 4) and Ca,5,6 with still large room for
improvement. The possibility of probing 87Sr in the
1S0 ! 3P0 transition in the Lamb–Dicke regime in a
light-shift-free dipole trap appears promising7 and will
combine the advantages of trapped ion and neutral
frequency standards. Quantum degeneracy has not
been achieved so far and appears as a motivating goal
for experiments with Mg, Ca, and Sr.8 For most of
these experiments trapping a large number of atoms
and (or) having a high capture rate is of primary
importance.
In this Letter we report the high-eff iciency trap-
ping of 88Sr in the 1S0 ! 1P1 cycling transition at
460.733 nm. An optimized design for a Zeeman
slower and a high-power blue laser enabled us to trap
1.3 3 109 atoms at a high rate of 4 3 1010 atomss.
The experimental setup is shown in Fig. 1. Before
entering the magneto-optical trap (MOT) region, atoms
from an atomic beam are decelerated by a Zeeman
slower. This process uses the radiation pressure of
a counterpropagating beam kept on resonance by an
inhomogeneous magnetic field. The 461-nm laser re-
quired for slowing and trapping is obtained by sum-
frequency mixing. A second atomic beam is used as
a reference to lock the laser to the atomic line. Both
ovens consist of a strontium reservoir and 200 tubes of
8-mm length and 200-mm diameter for transverse ve-
locity selection. At a reservoir temperature of 630 ±C
we measured a f lux of 2 3 1012 atomss. This corre-
sponds to a vapor pressure of 7 3 1022 Pa in the oven,
in agreement with the experimental value reported by
Dinneen et al.9 but 2 orders of magnitude lower than
the value found in some handbooks.10
Slowed atoms are trapped in the MOT formed by
three retroref lected laser beams propagating along
orthogonal axes and by a magnetic f ield gradient
of 1.9 mTcm induced by anti-Helmholtz coils. The
MOT beams are provided by 17 mW of blue light0146-9592/03/060468-03$15.00/0split into three beams of 1-cm waist radius. For
optimum trapping the laser is detuned 241 MHz from
resonance. The MOT capture velocity is estimated to
be approximately 30 ms.
Figure 2 shows the f luorescence of the atoms loaded
into the MOT. To carefully calibrate the number of
atoms we performed two independent measurements.
We measured the f luorescence induced either by the
MOT beams or by a weak probe beam sent to the atoms
after the MOT was switched off. The probe was tuned
103 MHz to the red side of the atomic resonance to
minimize absorption by cold atoms. The two meth-
ods were in agreement to within a ratio of 1.4 when
as many as a few times 107 atoms were trapped. At
higher atom numbers there was an increasing discrep-
ancy caused by absorption by cold atoms of the MOT
beams, whereas the absorption in the probe remained
lower than 10%. From the probe f luorescence signal
[Fig. 2(a), inset] we deduced that 8 3 108 atoms were
Fig. 1. Experimental setup. Dashed lines represent the
pump laser for sum-frequency mixing. By means of sev-
eral acousto-optic modulators (AOMs), four different fre-
quencies are generated near 461 nm. A weak beam probes
atoms from Oven 2 to lock the laser on the atomic line.© 2003 Optical Society of America
March 15, 2003 / Vol. 28, No. 6 / OPTICS LETTERS 469Fig. 2. Fluorescence of the trapped atoms: 8 3 108 and
1.3 3 109 atoms are trapped for oven temperatures of 600
and 630 ±C, respectively. The inset in (a) is a zoom of the
f luorescence induced by the probe beam sent to the atoms
after the MOT beams are switched off at t  0.
trapped when the oven was heated to 600 ±C. The
corresponding loading rate was 1.43 1010 atomss, ob-
tained from the MOT f luorescence data rescaled to ac-
count for the absorption. The lifetime of the trapped
atoms was 42 ms, in agreement with the loss rate that
was due to optical pumping to the metastable 3P2 state
via the 1D2 state.
When the oven was heated to 630 ±C [Fig. 2(b)] the
loading rate increased to 4 3 1010 atoms trapped per
second. To our knowledge this is 1 order of magnitude
higher than previously achieved with strontium.11 At
this temperature 1.3 3 109 atoms were collected in the
MOT, but the loading curve deviated from an expo-
nential: The number of trapped atoms was limited by
a loss mechanism that depended on the atom number
and was induced by absorption in the MOT beams or
by cold collisions.9
By detuning both the Zeeman and the MOT laser
beams by the isotopic shifts we observed the 87Sr and
86Sr MOTs. At an oven temperature below 600 ±C the
lifetime of the MOT was unchanged and the number
of trapped atoms was consistent to within 10% with
the natural abundance (7% for 87Sr and 10% for 86Sr).
The hyperfine structure of 87Sr then had a negligible
effect on the slowing and capture processes.
The Zeeman slower was designed according to the
results of a numerical model. It was used to maxi-
mize the number of slowed atoms reaching the MOT
capture region by optimizing the value of the beam de-
celeration, the slowing laser power and geometry, the
magnetic field gradient, and the slower length. The
slower was much shorter than for alkali atoms because
of the large width of the atomic transition (32 MHz).
The laser could then be tightly focused to minimize
the effect of spreading caused by transverse velocity.
Zeeman slowers commonly use a collimated laser and
create a constant deceleration a  hamax, where h is
a constant that is smaller than 1 (Refs. 12 and 13)
and amax is the resonant deceleration at the beam
center. In our case, the saturation of the transition
induced by the laser was not constant as the atoms
progressed into the slower because of focusing. The
slower was designed to keep h constant on the propa-
gation axis.14 To obtain the optimal magnetic f ield
gradient we computed the field that fulf illed this
condition for a first value of h and a given laserconfiguration: geometry, detuning, and power. The
numerical model simulates the velocity and spatial
evolutions of the atoms (in both transverse and lon-
gitudinal directions) as they exit the oven described
above, are decelerated in the slower, and free f ly to the
capture region situated 14 cm from the slower exit.
By varying the laser parameters we maximized the
number of slowed atoms reaching the capture region.
The process was repeated for different magnetic
fields computed with other values of h and different
laser configurations. The laser power was limited
to 30 mW, corresponding to the available power for
the slower. The optimal f ield obtained with this
procedure is plotted in Fig. 3(a). It varied from 230
to 130 mT in a 30-cm-long slower, with h  0.4. The
model shows that a 23-mrad laser beam convergence
enhances eff iciency by a factor of 3 compared with
the use of a collimated beam. The magnetic f ield
coils were placed inside a three-layer magnetic shield,
which induced a rapid variation of the f ield seen by the
atoms as they exited the slower. The field dropped to
below 0.1 mT over 3 cm, which ensured rapid detuning
of the atoms with respect to the slowing beam. In
addition, the shield minimized the perturbation in the
MOT region. The slowing laser beam had a power
of 30 mW and was red detuned by 502 MHz of the
1S0 ! 1P1 transition.
Independently of the MOT capture rate, the f lux of
slowed atoms in the capture region could be estimated
with the probe laser sent at 45± to the atomic beam.
Figure 3(b) shows the f luorescence collected as a func-
tion of the probe detuning. We obtained 1 3 1010 and
2 3 1010 slowed atomss when the oven was operated
at 600 and 630 ±C, respectively. The accuracy of
this measurement was limited to a factor of 2 for two
reasons: transverse velocity and atomic spatial dis-
tributions are not known well enough and furthermore
atoms experience a velocity shift of more than 15 ms
in the probe. The ratio of slowed atoms in the capture
region to atoms exiting the oven was 1–2%, which
is compatible with the numerical simulations. For
Fig. 3. (a) Longitudinal magnetic field in the Zeeman
slower versus distance from the entrance (z). The dashed
curve is the optimal computed f ield. The actual field
was measured with the magnetic shield around the coils
(triangles) and without (squares), with a probe of spatial
resolution 1 cm. (b) Fluorescence of the Zeeman-slowed
atoms (see text). Several times 1010 atomss are slowed
to a mean velocity of 25 ms (d  230 MHz) within a
velocity spread of 25(5) ms (50 MHz FWHM).
470 OPTICS LETTERS / Vol. 28, No. 6 / March 15, 2003the laser power available, eff iciency is limited by the
transverse velocity spreading. Atoms too far from
the beam center are not decelerated enough and are
lost. The transverse velocity distribution and the
limited laser beam size also lead to a longitudinal
atomic velocity spread at the exit of the slower. From
the f luorescence signal we estimate a dispersion of
25(5) ms about a mean velocity of 25 ms.
To generate the 461-nm laser we used sum-frequency
mixing of a Nd:YAG laser at 1064 nm and laser diodes
at 813 nm in a KTP crystal. Both laser wavelengths
are readily available with high power as standard
commercial products, whereas KTP is much less sen-
sitive to thermal effects and still rather efficient as a
nonlinear crystal. A similar system in a monolithic
resonator was demonstrated previously and yielded
4 mW of 462-nm light.15
A 20-mm-long crystal was placed inside a ring cav-
ity resonant for both pump lasers. It was type II (eoe)
critically phase matched in the XY plane (u  90±,
f  81.3±). The nonlinear coeff icient involved in the
process was measured in a single-pass configuration
without the cavity. We obtained d15  1.7 pmV.
This corresponds to an optimum computed conversion
efficiency (g) of 5 3 1023 WW2 with beam waists of
23 and 26 mm, respectively, at 813 and 1064 nm. To
limit the effect of walk-off (1.7 mrad), we increased
the waists to 50 mm, achieving an actual efficiency
of g  2.7 3 1023 WW2, in good agreement with the
theory.16 The coupling mirror had transmission of
14% and 7% at 813 and 1064 nm, respectively, close
to the optimum values deduced from the solution of
the coupled nonlinear equations17 (11% and 5%). All
other mirrors were high-ref lection coated for both
pump wavelengths, and we measured finesses of 35 at
813 nm and 75 at 1064 nm.
The Nd:YAG laser is a commercial high-power
device. The 813-nm pump is the sum power of two
diodes injected by the same master laser. They
were combined in a 50-50 beam splitter with active
phase control. The corresponding intracavity power
was doubled compared with the value obtained with
a single diode. With pump powers of 170 mW at
813 nm and 900 mW at 1064 nm the respective
coupling eff iciencies were 70% and 35%. These
efficiencies yielded intracavity powers of 1.5 W at
813 nm and 29 W at 1064 nm, which generated a
total of 115 mW of blue light. The power conversion
efficiency of the nonlinear process was 27%.
The high natural width of the 461-nm line consti-
tutes an advantage for efficient slowing and trapping.
However, the corresponding saturation intensity is
large (43 mWcm2), and to take full advantage of this
feature one requires high laser power. With more
power in the MOT we could use six independent beams
with higher saturation parameters and minimize theeffect of absorption by cold atoms. This would also
increase the capture velocity. The Zeeman slower’s
efficiency could also be enhanced by use of more blue
power in the slowing laser beam. Another possibility
would be to collimate the atomic beam with transverse
optical molasses at the exit of the oven. If the trans-
verse velocity were reduced by 1 order of magnitude,
our model shows that almost all the atoms entering
the slower with a velocity below 450 ms could be
decelerated to the MOT capture velocity. The f lux of
slowed atoms could then reach 1012 atomss.
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Giorgio Santarelli for useful advice and technical help
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grant from Ministère de la Recherche. P. Lemonde’s
e-mail address is pierre.lemonde@obspm.fr.
References
1. G. Zinner, T. Binnewies, F. Riehle, and E. Tiemann,
Phys. Rev. Lett. 85, 2292 (2000).
2. M. Machholm, P. S. Julienne, and K.-A. Suominen,
Phys. Rev. A 65, 023401 (2002).
3. Y. Bidel, B. Klappauf, J. Bernard, D. Delande, G.
Labeyrie, C. Miniatura, D. Wilkowski, and R. Kaiser,
Phys. Rev. Lett. 88, 203902 (2002).
4. U. Sterr, K. Sengstock, W. Ertmer, F. Riehle, and J.
Helmcke, in Atom Interferometry, P. R. Berman, ed.
(Academic, San Diego, Calif., 1997), pp. 293–362.
5. T. Udem, S. Diddams, K. Vogel, C. Oates, E. Curtis,
W. Lee, W. Itano, R. Drullinger, J. Bergquist, and L.
Hollberg, Phys. Rev. Lett. 86, 4996 (2001).
6. J. Stenger, T. Binnewies, G. Wilpers, F. Riehle, H.
Telle, J. Ranka, R. Windeler, and A. Stentz, Phys.
Rev. A 63, 021802 (2001).
7. H. Katori, in Proceedings of the 6th Symposium on Fre-
quency Standards and Metrology, P. Gill, ed. (World
Scientif ic, Singapore, 2002), pp. 323–330.
8. T. Ido, Y. Isoya, and H. Katori, Phys. Rev. A 61, 061403
(2000).
9. T. P. Dinneen, K. R. Vogel, E. Arimondo, J. L. Hall,
and A. Gallagher, IEEE Trans. Instrum. Meas. 42, 115
(1993).
10. See, e.g., D. Lide, ed., Handbook of Chemistry and
Physics (CRC, Boca Raton, Fla., 1995–1996).
11. H. Katori, T. Ido, Y. Isoya, and M. Kuwata-Gonokami,
Phys. Rev. Lett. 82, 1116 (1999).
12. P. A. Molenaar, P. van der Straten, and H. G. M.
Heideman, Phys. Rev. A 55, 605 (1997).
13. F. Lison, P. Schuh, D. Haubrich, and D. Meschede,
Phys. Rev. A 61, 013405 (1999).
14. One way for further optimization would be to allow a
variable h along this axis.
15. W. P. Risk and W. J. Kozlovsky, Opt. Lett. 17, 707
(1992).
16. J.-J. Zondy, Opt. Commun. 81, 427 (1991).
17. J. D. Vance, C.-Y. She, and H. Moosmüller, Appl. Opt.
37, 4891 (1998).
       
 
  
 

	
J

 
 ﬂ ﬃ

	
#

#


BC,eT
,
5)%,+1%

,
,
,
5
3
2-%I6+%'
E
BC*-6+'A%
8
>
%')/+5)%'
# 


 
# 

 
;
.,
')BC2-/
8
*-BC,
#
 


;
#



;e%
8
>
%
8
5)BC2-B
R
*
3




# 




	
J

 
 >
3
5)*-BC,

 5M
;
	
 
%
3
5)1>K T BC5UO
3
5)*
3Z8
*-BC,+'UBT&T /+,+6
3L
%,
893
2]1BC,+'
893
,
8
'7/+')*-,
R

8
B
L
*-1hT BC/+,
893
*-,12-B01:'; 
E
K
	0'


%O

&%
8[8

 #
o 
#

J




	


  ﬂJ)
&!LJC 

J 

;
\V
,
3Z8
*-BC,
3
2G6+%
L ,8
5)BC2-B
R
*M%


+,
L

T 5

;
%6

;

# 





	

 
\VHE#
$
* +2-%;


 N

B+*-,+')BC,G;
3
,+6  

 
H\
%2M2-*-';	

5)%
3
2-*
43Z8
*MBC,BT
8
K+%
 



3Z8)8
 	
8
K+%

E

L
B O0*-,
R
"1BC*M2 
3
2
3
,+1%; 
>
%
8
5)BC2-B
R
*
3

 #



# 





	
o
E#
 
@>
BCK+5
3
,+6
\V


3
	02-BC5;	


O
ﬀ 
5)%1B
LnL
%,+6+%6 O
3
2-/+%'DBT
8
K+%
T /+,+6
3L
%,
893
2G(+K
	0')*-1
3
2G1BC,+'
893
,
8
' <
# 



;   
+E
K 	0'


K+%
L


%T

O
3Z893


#

#


# 


 

	
 


 
19K

BG; 

 B

%T B

' :*<;
\V
6+%
\
3
/eO!B*-5; 

 k*-2-*M1B+;



%

; 

 /+2-*-%,G;


\
*-5
3
H%,G;

 
1%T ;
3
,+6
N

2
3
*-5)BC,G;ﬁ	

(
8
*-1
3
2GT 5)%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8
BT
8
K+%
J
 

#?J
O *-,   	06+5)B
R
%,
3
,+66+%/
8
%5)*-/
L
<

	06H%5
R
1BC,+'
893
,
8A3
,+6 
3L

')K+*MT
8
6+%
8
%5
L
*-,
3Z8
*-BC,G; 
E
K 	0'


%O

&%
8)8















# 


 

	


O



]3
5),+K
3L
;  



 


3
, O 	01];
3
,+6
E##\V
 
19K

*-, H%5
R
;ﬂ	 OV%
8
%5
L
*
,
3Z8
*-BC, BT
8
K+%

2-%1
8
5[B,G= '

8
B
L
*-1
>
3
')'
3
,+6
8
K+%
E
5)B
8
BC,
 

2-%1
8
5)BC,
>
3
')'
k3Z8
*-BhO0*
3
E
%,+,+*-,
R

5
3
(
>
3
')'
 
(H%1
8
5)BC')1BC(
	C; 
E
K 	0'


%O

&%
8)8
ﬃ


o




# 


o


	
 
N
 *-19K
8
;  
2> 
 k%,+')2-% 	C;

 
3
5
3*?
2-*-1;
3
,+6
 


K0/G;	

(+5[%2-*
L
*M,
3
5 	
L
%
3

')/+5)%
L
%,
8
BT
h/MCs

*
8
K
3Z8
B
L
*-,
8
%5_T %5)B
L
%
8
5 	C; 


,! 
#" !	
 

 *J ! ﬂ

  
  
 J  C C*J  C$
ﬀﬂ " 

;
E#

*-2-2 ;+%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-, 
R!3
(HBC5)%;
J

J

	




\
3Z8)8
%'
8
*<;
E#

2
3
6
,
;
 


/+%2-2
3Z8
* 
$
K
,
2M* T
3
;


 
19K

BG;
\V

5
,L 3
/+6G;



%

; 

 /+2-*-%,G;
3
,+6

#\
*-5
3
H%,G;ﬂ	

11%2-%5
3Z8
*-BC, BT/+2
8
5
3
1BC2-6
3Z8
B
L
' <
8
B

3
5)6+'
3NL
%
3
')/+5)%
L
%,
8
BT
h/MRb
;   


(
8
e\
<&%h/
3
,
8
/
L
 
%
L
*-12
3
')')*-1
3
2

(
8
ﬃ

 
#



J




	
#
 






U%')')B
8.
   M
;'	

%'
8
BTe5)%2
3Z8
*MO0*-'
8
*M1
R
5
3
O0*
893Z8
*-BC,

*
8
K
3
')(
3
1%  HBC5),+%
K 	06+5)B
R
%,
L 3
')%5; 
E
K
	0'


%O

&%
8)8


ﬃ
ﬀJ

#

# 




J


       
 
  
 

	
	
#ﬀ#

$
O
3L
BC/+5
3
,+6
DgE
BC2 	
3
CB OH;	

K+%N'
8
5)*-,
R
6+*-2
3Z8
BC,
3
,+6
3
2-%
3
'
8
1BC/+(+2-*-,
R
(+5)*-,+1*-(+2-%; 

/+12
SE
K
	0'
H\


 

o

J

# 






	
#?J



3
2
L
%
8#3
,+6  


5)*
8
')19KG;'	

K+%

BC'
L
BC2-B
R
*M1
3
2

O!BC2-/
8
*-BC,IBT
8
K+%

/+12M%BC,
>
3
')'
3
,+6
8
K+%

2-%1
8
5)B

%
3


BC/+(+2-*-,
R

BC,+'
893
,
8
'; 

/+5
ZE
K
	0'

 BC/+5









J

J

	
#


 
S\
*

%

05M
; 	

%'
8
*-,
RQ8
K+%$'
893
+*-2-*
8
	 BTﬀT /+,+6
3L
%,
893
2G1BC,+'
893
,
8
'

*
8
K
8
K+%
199Hg+
')*-,
R
2-% "*-BC,	BC(
8
*-1
3
2G12-B01]; 
E
K 	0'


%O

&%
8)8

 #
o 
J

J




	
#

 
 


3
,+*-%5
3
,+6

 
/+6+B*-,G;
	
0/ﬀ 	 
:JﬁJ)  H   ﬁ
	 
  
  

 
  C C*J


6
3L
 k*-2
R
%5;
# 



 

	
#
o 
N0\
3
/+19K
3
,+6  


 
%2-2-%; 	

5)%F:/+%,+1 	 '
893
,+6
3
5)6+'
3
,+6nT 5)%F:/+%,+1 	
L
%
3
')/ 
5)%
L
%,
8
; 

%(
]E
5)B
R
]E
K
	0'
ﬃ






J

J

	
#
 
N

2
3
*-5)BC,G;


 
3
2-B
L
BC,G;
 


/+%2-2
3Z8
* ;
3
,+6 
E
K+*-2-2-*M(+';ﬂ	
k3L
')% 	 5)%')B 
,
3
,+1%I*-,
3G3
1>K
3
5)*
3
'7T BC/+,
893
*-,G; 

/+5[B(+K 	0'

&%
8)8

 #
!o
 #



# 

 #>

	
#


 
g\
*

%

 5M
;&	

'
3
,+6

lT BC/+,
893
*-,+' <]5)%1%,
8
5)%')/+2
8
'; 


,  
#" !	
 

 
J! ﬂ
  
  
J  C C*J  C 
ﬀﬂ " 

;
E#

*-2M2 ;0%6

;

ﬃBC5)2-6
 
1*-%, 
8
*

1;
 
*-,
R!3
(HBC5)%;
J

J

	
#
 



BCK+%, 

3
,+,+BC/+6
?
;
 


K:/G;
3
,+6 
ﬀE
K+*-2-2-*M(+';	

B]%2 &%1
8
/+5[%'4; 

%O

>
B06
]E
K
	0'
ﬂ

!o




#

# 





	
# 



 
3
,
893
5)%2-2-* ;
E#

3
/+5)%,
8
;
E#
&%
L
BC,+6+%;
N

2
3
*-5)BC,G;
N

 >
3
,+,G;
 


K
3
,
R
;
N


&/+*
8
%,G;
3
,+6


 
3
2-B
L
B,G;ﬁ	 %h/
3
,
8
/
L
E
5)B
?
%1
8
*-BC,

BC*-')%D*-,
3
,

8
B
L
*-1

BC/+,
893
*-,<

 k*
R
K
 
893
+*-2-*
8
	

%')*-/
L 
5)%F:/+%,+1 	
 
893
,+6
3
5)6G; 
E
K
	0'


%O

&%
8)8




# 
>


JCJ

# 


 

	
J
 
 
C\
*

%

$5M
; 	

%'
8
*-,
RV8
K+%'
893
+*-2-*
8
	IBT]T /+,+6
3L
%,
893
2e1BC,+'
893
,
8
' /+')*-,
RI3Z8
B 
L
*-1VT BC/+,
893
*-,+'; 


,
!	 ! 
 ﬀﬁﬂ ﬂ  

 
 ﬂ*J
 J 
ﬀ:J  

;

E
3
2
L

B O!%;

/+'
8
5
3
2-*
3
;
J




	
J #

N
&/+*
8
%,G;
N >
3
,+,G;
> 

BC'
893
;
3
,+6 O
e\
2
3
*-5; 	
E
B

%5'
893
+*-2-*

%6 15 	CB
R
% 
,+*-1$'
3
(+(+K+*-5)%$BC')1*-2-2
3Z8
B5; 


   
5
3
,+'



,+'
8
5
2>
%
3
'

 #

J  #

o

# 


o


	
JCJ


UE#
O

 
3
,
8
BC';  
>
3
5)*-BC,G;
 
U\
*

%;
!

 
BC5
893
*-';
N

2
3
*-5)BC,G;
3
,+6


 
3
2-B
L
BC,G; 	

BC,
8
5)BC2-2-*M,
R78
K+%

BC2-6

BC2-2-*-')*MBC,
 
K+*MT
8
*-,  k*
R
K
E
5)%1*-')*-BC,

8
B
L
*-1


,
8
%5_T %5)B
L
%
8
5 	C; 
E
K
	0'


%O

&%
8)8
ﬀ
ﬀJ




J

J

	
J


!

 
BC5
893
*-';
 
 \
*

%;



*-1BC2
3
';
N

2
3
*-5)BC,G;


 
3
2-B
L
BC,G;
3
,+6


 *-2-2M*
3L
'4; 	

BC2-6

BC2-2M*-')*-B,

5)%F:/+%,+1 	
 
K+*MT
8
'*-,
3 87    BC/+, 8>3 *-,G; 
E
K
	0'


%O

&%
8)8
ﬃ


# #


J



	
J

 
E#

3
/+5)%,
8
 5M
; 	

K+%')(
3
1%12-B01
E
 




<

/+,+1
8
*-BC,+*-,
RX3
,+6 %>P 
(H%1
8
%6j(H%5_T BC5
L 3
,+1%'; 


,ﬂﬁﬃ ﬃ"!
 NM  $#
  
#  
 ﬀﬁﬂ%	 
  
  

A&ﬂﬀﬂ
 

 :J!
;


3L
(
3
;
J




       
 
  
 

	
J

o
	
J
o 
 N

/+5
8
*-';	 %h/+%,+1>K+%6 ,
3
5)5)B

"2-*M,+%.2
3
')%5h1B0BC2-*-,
R
BT 40  3  * 8 K 3 (+(+2-*
1
3Z8
*-BC,
8
B
3
,iBC(
8
*-1
3
2+12-B01 
3
')%6 BC,i/+2
8
5
3
1BC2-6Q,+%/
8
5
3
2

3D3Z8
B
L
' 9; 
	
JﬃJ

 
+E J		

  A

#C

;
J

e
	
J
 



*-%K+2M%;


 *-2-(H%5)';

 
8
%5)5;
$?\
*-,+,+%

*-%';
3
,+6

 k%2
L
1%;'	

3
2-1*-/
L
BC(
8
*-1
3
2T 5)%F:/+%,+1 	 '
893
,+6
3
5)6G; 


,  
#"	
 

ﬀ
:J	ﬁﬂ


ﬃ  ﬁﬀ
"!

 J#


C$ C*J

C$%&

' 

;
E#)(
*-2M2<;0%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(HBC5)%;
J

J

	
J


$
 
19K+,+%*-6+%5;

 
3LnL
;
3
,+6
 E
%* ]; 	

B
L
(
3
5)*-')BC, BT
8

BX')*
R
,+2-% "*-BC,
BC(
8
*-1
3
2HT 5)%F:/+%,+1 	'
893
,+6
3
5)6+'
3Z88
K+%IK+%5
8
2-%O!%2<; 


, ﬁﬃ ﬃ"!
*

!
M+
 #
  
#

,

&-


%	"  ﬁﬀ
"!

KA


&

 

ﬀ
:J	ﬁ
;


3L
(
3
;
J




	
J
 





3Z8
%';
-N

/+5
8
*-';
3
,+6 

 kBC2-2 H%5
R
; 	

"L
(HBC5)B O!%6 ')K+BC5
8

8
%5
L
'
893
+*-2-*
8
	BTUBC(
8
*-1
3
2&T 5)%F:/+%,+1 	Y'
893
,+6
3
5)6+' <
3
(+(+5)B
3
1>K+*M,
R #
 

*-,
#
'

*
8
K
8
K+%

3
'
893
,+6
3
5)6
3Z8
!o
,
L
; 

(
8

&%
8)8
ﬃ
 #



J



	
J


 
 N
OV*-6+6
3L
';
$
k6+%
L
;ﬀ


S\
%5
R
F:/+*-'
8
;
 N

/+5
8
*-';


OV5)/+2-2-*-, 
R
%5;
> 





 kBC2-2 H%5
R
;

O

&%%;





3Z8
%';
$



UB
R
%2<;
3
,+6
O



 *-,+%2
3
,+6G;	

, BC(
8
*-1
3
2712-B:1 
3
')%6 BC,
3
')*-,
R
2-%
8
5
3
(+(H%6 199   R +
*-BC,G; 
 
1*-%,+1%
ﬀ
 


J
o

J

#>

	

 
 

 
19K+,
3Z8
;
\V
&*-(+(+K
3
5)6
8
;.

 k%2
L
1C%;



*-%K+2-%;
3
,+6
(Q

*-,+,+%5; 	

*-5)'
8
(+K
3
')% "1BCK+%5)%,
87L
%
3
')/+5)%
L
%,
8
BT]O0*-')* +2-%5
3
6+*
3Z8
*-BC,G; 
E
K
	0'


%O

&%
8)8
ﬁ 

#


# 





	

#

O
 
BC/
3
K+5)*<;

 
1%T ;
N

2
3
*-5)BC,G;/

0


BC,+6 	C;



%2-6+%5; 

 k*-2-*M1B+;
\V
6+%
\
%
3
/eOCBC*-5;

21
%

;
3
,+6

g\
*-5
3
H%,G;	

5)%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8
BT
8
K+%
5S1/2(F = 3)−5D5/2(F = 5) 8  B "(+K+B 8 B, 8 5 3 ,+')* 8 *-BC,Q*-,Q5)/+*-6+*-/ L ;   ( 8 

B
LnL
 
 ﬀ 




#

# 





	

J



 kBC2


3
5
8
KG;
$
k6+%
L
;
$


 3,+')19KG;



$
,+*
R
K
8
;'




3
6+'

BC5
8
KG;
3
,+6
E#
 




/+')')%2<;	

(
8
*-1
3
2ﬀT 5)%F:/+%,+1 	Y' 	0,
8
K+%')*

%5$T BC5V(+5)%1*-')*-BC,W')(H%1 
8
5)BC')1BC( 	; 
E
K
	0'


%O

&%
8)8
ﬃ
&JCJ



J



	


O



BC,+%';
 
 N
OV*-6+6
3L
';4

$

k3
, 
3
;
N
 
8
%,
8
;


 

 *-,+6+% 
2-%5;/



 
3
2-2 ;
3
,+6
 
ﬂ$

/+,+6+*;	

3
5)5)*-%5 

,!OC%2-BC(H%
E
K
3
')%

BC,
8
5)BC2BT

%
LN8
BC')%1BC,+6
>
B06+%  &B01%6 
3
')%5)'
3
,+6 OV*-5)%1
8

(
8
*M1
3
2

5)%F:/+%,+1 	
 
	0, 
8
K+%
8
*-'; 
 
1*-%,+1%




o

J



	


 
$
k6+%
L
;5


%*-19K+%5
8
;


 kBC2


3
5
8
KG;U;
3
,+6
$


 3,+')19KG; 	

+')BC2-/
8
%
BC(
8
*-1
3
2hT 5)%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8
BT
8
K+% 1%')*-/
L
O
#
2-*-,+%

*
8
K
3 L
B:6+%
2-B01%6l2
3
')%5; 
E
K
	0'


%O

&%
8)8



o 

# 


 

	

o 
$
k6+%
L
;
 

OV*-6+6
3L
';
$



UB
R
%2<;





3Z8
%';
 N

/+5
8
*-';&

O

&%%;
 > 

 893
,+B+;

 
OV5)/+2-2-*M,
R
%5;"


G\
%5
R
F:/+*-'
8
;
3
,+6 

 kBC2-2 ]%5
R
;
	

+')BC2-/
8
%

5)%F:/+%,+1 	
>
%
3
')/+5)%
L
%,
8
'hBT
8
K+%  
R + 3 ,+6  3

(
8
*-1
3
2

2-B:1

5
3
,+')*
8
*-BC,+'

*
8
K
3
%
LN8
BC')%1BC,+6 
3
')%5; 
E
K
	0'


%O

&%
8)8
 ﬀ















J

#>

J

      
 
  
 

	
	

 


 
8
%,
R
%5;
$\
*-,+,+%

*-%';
(Q
 *-2-(H%5)';



*-%K+2-%;  


 
%2-2-%;4

$

k3
, 
3
;


 

 *-,+6+%2-%5;
3
,+6
N


 
8
%,
8
; 	
E
K
3
')% "1BCK+%5)%,
8UL
%
3
')/+5)%
L
%,
8
BT
8
K+%

3
*-,
8
%5)1B
L
+*-,
3Z8
*MBC, 2-*-,+%
3Z8
!o
X,
L

*
8
K
3
$
%5)5  &%,+'
L
B:6+% 
2-B01%6T %
LN8
BC')%1BC,+6l2
3
')%5; 
E
K
	0'


%O
  
 


J #

J

J

#>

	



E#

+E
B
3
')B O
5M
; 	

+')BC2-/
8
%kT 5)%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8
'BT
3NL
%
8
K
3
,+% 
'
893
+*-2-*

%6
8
5
3
,+')(]BC5
893
+2-%  k% 
1
%.2
3
')%5
3Z8
e 


µ
L
; 


,  
#"	
 

 
:J	ﬁ 



ﬃ  ﬁﬀ
"!

 J#

C$ C*J

C %&

' 

;
E#+(
*-2-2 ;ﬀ%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(HBC5)%;
J

J

	

 
> *1
*-%5)*-,
R  5M
; 	
>
%
3
')/+5)%
L
%,
8
BT
8
K+%   	06+5)B
R
%,
#
 

J
 

5
3
,+')*
8
*-BC,

5)%F:/+%,+1 	 
	
E
K
3
')%

BCK+%5)%,
8

B
L
(
3
5)*-')BC,

*
8
K
3
>
*-15)B

3
O!%

%')*-/
L

BC/+,
893
*-,

2-B01]; 
E
K
	0'


%O

&%
8)8


o 





J



	




 

OV*-6+6
3L
';2O

BC,+%';"

!
%;
 


/+,+6+*;)

 
3
2-2<; 

k3
, 
3
;


 *-,+6+% 
2-%5;


 kBC2
8

3
5
8
KG;
$
k6+%
L
;
3
,+6
$


 3,+')19KG;ﬁ	 OV*-5)%1
8
2-*-,  H%
8

%%,
L
*-15)B

3
OC%
3
,+6ﬃBC(
8
*-1
3
2@T 5)%F:/+%,+1*-%'

*
8
K
3



 

T %
LN8
BC')%1BC,+6ﬃ2
3
')%5
1B
L
G; 
E
K
	0'


%O

&%
8)8


o
#

J

J



	

 
(Q

B OC%5
3
;


OV/+1BC'; 

0


BC,+6 	C;


1%T ; 


E#

3
2-2-%5
3
,+6G; 



$
,+*
R
K
8
;
3
,+6
E#
 




/+')')%2<;
	

+')BC2-/
8
%AT 5[%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8
BT
3
,


2
'
893
+*-2-*

%6
1
6 <
!
 (
BC(
8
*-1
3
2UT 5)%F:/+%,+1 	 '
893
,+6
3
5)6G; 
>
%
3
'

 
1*
 
%19K+,+BC2


 
 
 #


J

J

	


#

 
1D
&%
3  5M
;	

%
LN8
BC')%1BC,+6 BC(
8
*-1
3
2T 5[%F:/+%,+1 	ﬃ1B
L

L
%
3
')/+5)%
L
%,
8
'
BT2
3
')%5)'h'
893
+*-2-*-')%6
8
B
8
5
3
,+')*
8
*-BC,+'V*-, 88
 
5 + ; 171 !  + 3 ,+6 

2
3Z8
1VE
 ; 


,
 
#"	
 

ﬀ
:J	ﬁ 


ﬃ  ﬁﬀ
"!

KJ#

C$ C*J 

C %&

' 

;
E#(
*-2M2<;#%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(HBC5)%;
J

J

	


J



OCBC,
G3
,
8
K+*M%5
 5M
;ﬀ	

+')BC2-/
8
%T 5)%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8
BT
8
K+%


, +
12-B01
8
5
3
,+')*
8
*-BC,

*
8
K
3DL
B06+% "2-B:1%6 2
3
')%5; 

(
8

&%
8)8
&ﬃ
 #

J


J
 


	






 
8
%,
R
%5;  

 
1>K+,
3Z8
;


3LnL
;
3
,+6  



%2-2-%; 	 k2
8
5
3
(+5)%1*-')%
L
%
3
')/ 
5)%
L
%,
8
BTGBC(
8
*-1
3
2eT 5)%F:/+%,+1 	n5
3Z8
*-B+; 
E
K
	0'


%O

&%
8)8
ﬁ





#

J

J

	

 
 
$8> 
k3L
BC,+6G;
NH\
3
5
8
%2-';
 
 N
OV*-6+6
3L
'; 

 kBC2-2 H%5
R
;
3
,+6  

$
/+5

;
	 &B

*-,+'
893
+*-2-*
8
	C;g2-B

(+K
3
')% ",+BC*-')%QT %
L.8
BC')%1B,+6ﬃB(
8
*M1
3
2T 5)%F:/+%,+1 	 1B
L

L
*-15)B

3
OC%' 	0,
8
K+%')*

%5; 


, ﬁﬃ ﬃ"!
*

!
M"
  #
  
#

,

&-


 	"  ﬁﬀ
"!


A


&

 

ﬀ
:J	ﬁ
;


3L
(
3
;
J




	

:o 


 
3
2-2<;
> 

K:/G;
3
,+6
E# \
/+1>KG;	
E
5)BC')(H%1
8
'&T BC5G/+')*-,
R
2
3
')%5 "(+5)%(
3
5)%6
3Z8
B
L
*-1
T BC/+,
893
*-,+'QT BC5iBC(
8
*-1
3
27T 5)%F:/+%,+1 	 '
893
,+6
3
5)6+'
3
(+(+2-*-1
3Z8
*MBC,+';  


(
8

 
B01


L
S\ 
&J # 



eJCJ
!o

# 



 

	

 
 
N
ﬃ% +'
8
%5;
E# 
3
	02-BC5;
> 

BH%5
8
';
(QE#C\
3
5

B:B06G;
E#C\
2 	
8
K+%;
3
,+6
E#
(
*-2-2 ;	

T 5)%F:/+%,+1 	 '
893
,+6
3
5)6	/+')*-,
RD8
K+% 2S1/2− 2F7/2 B01 8 /+(]BC2-% 8 5 3 ,+')* 8 *-BC,
*-, 171 !  + ;  
 ,  #"	  
ﬀ
:J	ﬁ 
  ﬃ  ﬁﬀ "! 
 J#  C$ C*J   C %&

' 
 ;
E#)(
*-2M2 ;e%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(HBC5)%;
J

J

       
 
  
 

	
J


	




$!\
%1%5; 



G3
,
8
K+*-%5;
N
!
1
%O0' 
	!;


 
19K

%6+%';
> $1D
 
!OCBC5
8
')B OH;
 


3
2
8
K+%5;
3
,+6
SE
%* ];	  k*
R
K "5)%')BC2-/
8
*MBC,	')(]%1
8
5)BC')1BC( 	BT
3
')*-,
R
2-%


, +
*-BC, <
E
5)B
R
5)%')'
8
B

3
5)6+'
3
, BC(
8
*-1
3
2 T 5)%F:/+%,+1 	 '
893
,+6
3
5)6G; 
E
K
	0'


%O


 
 
!o
#

J

J

#>

	

 
E#
OV/
 
; 
>
3
5
L
%
8
;"
 g\
%5),
3
5)6G;
$



 
*-%
L
')%,G;
3
,+6
N N>
3
6+%
?
;
	
E
5)B
R
5)%')'
8
B

3
5)6+'
3
,	*
L
(+5[B OC%6 88
 
5 + ')* R ,+2-%k*-BC, BC( 8 *-1 3 2ST 5)%F:/+%,+1 	 ' 893 , 
6
3
5)6G; 


,  
#"	
 

ﬀ
:J	ﬁ 


ﬃ  ﬁﬀ
"!

 J#

C$ C*J

C!%&ﬃ

' 

;
Eﬀ
(
*-2-2 ;e%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(HBC5)%;
J

J

	





(Q7E#\
3
5

B:B06G;
E#4(
*-2M2 ;
(Q
 k/
3
,
R
;
3
,+6  
 N
$
2-%*-,G;ﬀ	
 
893
+*-2M*
8
	
3
,+6
5)%(+5)B06+/+1*
8
* +*-2M*
8
	 BT
3
, BC(
8
*-1
3
2nT 5)%F:/+%,+1 	 '
893
,+6
3
5)6 
3
')%6 /+(HBC,
8
K+%
2S1/2 − 2D5/2 8 5 3 ,+')* 8 *-BC, *M, 88
 
5 + ; 


,  
#"	
 

ﬀ
:J	ﬁ 


ﬃ  ﬁﬀ
"!


J#

C$ C*J 

C %&

' 

;
Eﬀ(
*-2M2 ;V%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(]BC5)%;
J

J

	
o  
> 
$
,+B:BC(G;



K
3L
(]%,+BC*-';
E#

BC/+5
8
%*-2-2-%;
> 
 k%5 
3
,+%Z;
> 
 kBC/+')')*-,G;
> 
U%6+%2<;
3
,+6


U%6+%2<;
	
 
*-,
R
2-%

3 + *-BC,+'*-, 3
E
3
/+2
 
8
5
3
/H%2
8
5
3
(G; 


,  
#"	
 

ﬀ
:J	ﬁ 


ﬃ  ﬁﬀ
"!

J#

C$ C*J

C %&

' 

;
E#)(
*-2M2 ;e%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(]BC5)%;
J

J

	
o
#



 

OV*-1C%;	

K+%

g%1
8
BT

BC2M2-*-')*-B,+'@/+(HBC,
8
K+% OVBC(+(+2-%5  *-6
8
KQBT
 
(]%1 
8
5
3
2 &*-,+%'; 
E
K
	0'


%O
ﬀ




J

# 

o



	
o
J





k3
T
3
1;
\V


!
BC/+,
R
;
>N\
%
3
2-2<; 
$> 

 893
,+B+;O



 *-,+%2
3
,+6G;
3
,+6



U\
%5
R
F:/+*-'
8
; 	
 
/ "6+%1
3
K+%5
8
k2
8
5
3
O0*-BC2-%
8
 
(H%1
8
5)BC')1B( 	 BT 199   R + ; 
E
K 	


%O

&%
8)8
ﬃ
ﬀJ


J

J



	
o


\V
!
BC/+,
R
;



5)/

; 


 893
,+B+;
3
,+6


0\
%5
R
F:/+*-'
8
; 	 h*-')* +2-% 
3
')%5)'

*
8
K
 
/+K+%5
8
&*-,+%

*-6
8
K+'; 
E
K
	0'


%O

&%
8)8






>


J

#ﬂ


 

	
o 
 
N
%h/+%')'
3
6
3
;

ﬀE#
$
B O
3
1*-1>KG;




BC/+5
8
*-2-2-B
8
;
N

2
3
*-5)BC,G;
(Q
 
3
,
893
5)%2-2-*<;
3
,+6
E#
&%
L
BC,+6+%;	

K+%OV*-1l%g%1
8
T BC5
3
,WBC(
8
*-1
3
2ﬀT 5)%F:/+%,+1 	Y'
893
,+6
3
5)6G; 



(
8
]\
<%h/
3
,
8
/
L
 
%
L
*-12
3
')')*-1
3
2

(
8
ﬃ

 
#
o 

J




	
oCo 



/+')19K+%

*
8
;
!E
%,
R
; 

 k*-,+6+%5
8
5;
1D
 
19K
3
g5
3Z8
KG;
$

 
%,
R
'
8
B01];
3
,+6

 
5
8[L
%5; 	
 
/ 
$
*-2MBCK+%5
8
BC(
8
*-1
3
27')(H%1
8
5)BC')1BC(
	

*
8
K
3W8
*
L
%	6+B
L 3
*M,
3Z8
B
L
*-,
8
%5_T %5)B
L
%
8
%5; 
E
K
	0'


%O

&%
8)8
 


#



# 





	
o   $

UB
R
%2<;
$
OV*-,+,+%%,G;
Nﬀ(
3
2-2
3R
K+%5;
3
,+6 

 
3
2-2<; 	
1
3
5)5)B

"2-*M,+% OVBC(+(+2-%5
1B0BC2-*-,
R
BT'
8
5)BC,
8
*-/
L 8
B
8
K+%.5)%1BC*-2#2-*
L
*
8
; 


   
5
3
,+'



,+'
8
 >
%
3
'





#



J #

# 


 

	
o


$\
3
6+5;
 
(
/
 
5
3
,+6+%2<;
> 
O
UE
2-*
LnL
%5;
E#
/+,+1
3
5;
3
,+6
>  
 k*
L

H%5
8
; 	

"L
(+5)B OC%6 T 5)%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8 3
,+6 *-')B
8
BC(H% ')K+*MT
8
BT
8
K+%
4d9 5s2 2D5/2 − 4d10 6p 2P3/2 8 5 3 ,+')* 8 *-BC,X*-, ')*-2MO!%5 
	X2 3 ')%5IK+% 8 %5)B06 	0,+%
')(H%1
8
5)BC')1BC(
	C; 

/+5
]E
K
	0'

BC/+5

O






J

#>

	
o  
(Q
kK+2-%, H%5
R
;)

OV*-5)')19K+%5)2<;
3
,+6  


3
2
8
K+%5;ﬁ	
>
3R
,+%
8
B "BC(+*-1
3
2
8
5
3
(+(+*-,
R
BT')*-2MO!%5
3Z8
B
L
'4; 
E
K
	0'


%O
  







J



J

      
 
  
 

	
	
o



(Q
Oh*M1];	 &B01
3
2eBC')1*-2-2
3Z8
B5*-,+6+/+1%6n*-,+'
893
+*-2M*
8
*-%'*-,
8
5
3
(+(H%6n*-BC,NT 5)%F:/+%,+1 	
'
893
,+6
3
5)6+'; 


,
*

!
M 
  *
!
ﬃJ

%

C

% #

,E
;j(+(

#

 #





%6+%,+6+B
\
%
3
19KG;
# 





	
 
$C\
*-,+,+%

*-%';
(Q
 *-2-(H%5)';

 
8
%5)5;



*-%K+2-%;:;

 k%2
L
1%;
$,>
%K+2
'
8
3/+2-%5;
> 
k3
')%2<;
3
,+6 
 
5
8[L
%5;&	 OVBC(+(+2-%5k1B0BC2-*-,
Rn3
,+6
8
5
3
(+(+*-,
R
BC,T BC5 +*-6+6+%,
8
5
3
,+')*
8
*-BC,+'; 
E
K
	0'


%O

&%
8)8

 #?J

 
J

J

#>

	

#

 N

/+5
8
*-';





3Z8
%';
3
,+6 

 kBC2-2 ]%5
R
; 	 %h/+%,+1>K+%6 ,
3
5)5)B

2-*-,+%
2
3
')%5U1B0BC2-*-,
R
BT 40  3I8 BN,+% 3 5 8 K+%k(+K+B 8 BC, 5)%1BC*-2S2-* L * 8 ; 
E
K 	0'


%O
 



#




J

#>

	

J

 

$
3Z8
BC5)*<;
$


6+B+;
!



')B 	
3
;
3
,+6
> 
$
/

3Z893

(
BC,+B
3L
*<; 	
>
3R
,+%
8
B 

(
8
*-1
3
2

5
3
(+(+*-,
R$3
,+6

B0BC2-*-,
R
BT
 
8
5[B,
8
*-/
L

8
B
L
'@6+B

,
8
B
8
K+%
E
K+B
8
BC,

%1BC*-2

%
L
(]%5
3Z8
/+5)%; 
E
K 	0'


%O

&%
8)8

 #ﬀ#ﬀ#

 #ﬀ#ﬀ# 


# 


 

	



 
ﬀ(
/+(
893
;


 
3
6

* 
3
+*-1;
> 




*-%5)2-%*-,G;

 N
 
893
,G;
$

OV*-%1
L 3
,+,G;


 

 
19K0/+,+1];
*(Q > 
O
3
,
$
%
L
(]%,G;
\V


U%5)K
3C3
5;
3
,+6 

$
%
8

8
%5)2-%; 	
k3
6+*-B 

5)%F:/+%,+1 	 ')(H%1
8
5)BC')1BC(
	 BT./+2
8
5
3
1BC2-6 T %5
L
*-BC,+'; 
 
1*-%,+1%
 
ﬀ
 #

J


J




	

 
 

$
3Z8
BC5)*<; 	
 
(]%1
8
5)BC')1BC( 	BT'
8
5)BC,
8
*-/
L 3Z8
B
L
'*-,
8
K+% 
3L
 	OV*-1%$1BC,


,+%
L
%,
8
; 


,  
#"	
 

ﬀ
:J	ﬁ 


ﬃ  ﬁﬀ
"!

 J#

C$ C*J

C %&

' 

;
E#
(
*-2-2 ;0%6

;

 BC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(]BC5)%;
J

J

	
!o 
 

$
3Z8
BC5)*<;
>  
3

3L
B
8
B+; 
 (QE
3
2<= 19K+* CB OH;
3
,+6 

O


O0')*
3
,+,+* B?OH;
	 k2
8
5
3
'
893
+2-% BC(
8
*-1
3
212-B:1

*
8
K ,+%/
8
5
3
2
3Z8
B
L
'Q*-,
3
,

,
R
*-,+%%5)%6 2M*
R8
K
')K+*MT
8

5
3
(G; 
E
K 	0'


%O

&%
8)8
% 
 #


!o

J




	
 
$
!
B0BC,
3
,+6


!
?E
3
5 ]; 	 171 ! NBC( 8 *-1 3 2!2 3Z8)8 *-1%U12-B01 <?(+5)BC(]BC' 3 2<;  
 , H J 
&
!

  	ﬀ
ﬁ$
C
 

:Jﬃﬀ
ﬃ 

 !

5C   

  	 ,
J
;
 
BC(]%,+K
3R
%,G;
O
3
,+%
L 3
5 ];
J




	



> 

H\
*
R
%BC,G;	
E
5)B
3
+*-2-*
8
 
6+%
8
5
3
,+')*
8
*-BC,6+%I2
3
5
3
*-%
 1S0

 3P0
6+/
L
%5 
1/+5)%;  &%BC/+5),
3
2G6+%
E
K 	0')*-F:/+%


o
#

# 





	
 
> 
3

3L
B
8
B
3
,+6  

$
3Z8
BC5)*<; 	
 
(H%1
8
5)BC')1BC(
	 BT
8
K+% 1S0 − 3P0 12MB01
8
5
3
,+')*
8
*-BC, BT 87
 
5Q*-,
3
, BC(
8
*-1
3
272
3Z8)8
*-1%; 
E
K
	0'


%O

&%
8)8
  
JCJ


#

J




	




!
 \
*-6+%2<; 	
E
*
 
R
%
3R
%A%
8
5)%T 5)BC*-6+*-')')%
L
%,
8
2
3
')%5U6+/ '
8
5)BC,
8
*-/
L

8
/+6+%V6+%k2<= %T
T %
8
6+%'*-,
8
%5_T
 
5)%,+1%'%,	6+*g/+')*-BC,
L
/+2
8
*-(+2M%

9; 
J C C

!
,
 C  F ﬁ

 
E J	 LC 
!
 
 

ﬃﬀ &H

& ﬀ
 ﬃJ
;
J

J

	

 
 
#\V 1
3R
%2<;

 
 
*
L
*M%,G;
 


3
K
3
;
E#5(
/+(
893
; 
 
')K+B
3
;
3
,+6
$


$
*-2-2M*
3
,G;'	
>
3R
,+%
8
*-1
8
5
3
(+(+*-,
R
BT
L
%
893
'
893
+2-% 3P2
3Z8
B
L
*-1U'
8
5)BC,
8
*-/
L
; 
E
K
	0'


%O
  


#ﬀ#


#

 

J




	

#


]E#

*-' 
3
,+6 



$
B

2-B O0' 
	C;&	

mn1*-%,
8kR
%,+%5
3Z8
*-BC,BT +2-/+%$2-*
R
K
8

	
6+BC/+2 	h5)%')BC,
3
,
8
')/
L
 T 5)%F:/+%,+1 	
L
* Pe*-,
R
*-,
3L
BC,+BC2-*
8
K+*-1
$
AE
5)%')BC,
3Z8
BC5; 

(
8

&%
8[8
 ﬁ










# 

!J

       
 
  
 

	
J



	

J

N
!73
5)*MO
3
,+6
E#
!
%KG;
 
)&
!

 
$EJ 
 !
 
:J# J



 *-2-% 	C;
1
%

!
BC5 ];
# 





	






S\
B 	06G;
 


 


ﬃ)&
!
J


1
3
6+%
L
*-1
E
5)%')';
\
BC'
8
BC,G;
# 

!J

	


 

.(Q
O
L
*
8
5)*M%OH;
(Q (Q.(
/+5
43
6 	
3
,G;
3
,+6 O
 1D 1
* CB
R
BC' 	
3
,G;


C  

  
 
 


 


 
)&
!
 A  
:J# J

 
(+5)*-,
R
%5  U%5)2
3R
; H%5)2-*-,G;
# 

 # 
; UBC2




	

o  $

&*-/
3
,+6
> "(Q
&*
8)8[L 3
,G;	
1
B OC%2
R
%B
L
%
8
5 	T BC5A')*-,
R
2-% 
L
B:6+%I')1
3
,+,+*-,
R
BT
8
/+,
3
+2-%I2
3
')%5)'4; 

(
8

&%
8)8
%
 #ﬀ#


# 


#>

	

 
\V
O
3
K
L 3
,+*<; 

 kBC2-2 H%5
R
;
3
,+6

 
OV5)/+2-2-*-,
R
%5; 	

5)%F:/+%,+1 	I'
893
+*-2-*
43Z8
*MBC,
BTe')%
L
*-1BC,+6+/+1
8
BC5ﬀ2
3
')%5 
	$5)%')BC,
3
,
8
BC(
8
*-1
3
2ZT %%6
3
1]; 

(
8

&%
8)8






# 





	
 

(Q

B O!%5
3
;
N
O
 >
3
5)19K+*<;
3
,+6
(Q
 
3
,
893
5)%2-2-* ; 	

')*
L
(+2-%
8
%
L
(H%5
3Z8
/+5)%
1BC,
8
5)BC2T BC5$')%
L
*M1BC,+6+/+1
8
BC5I2
3
')%5)'; 


,
*

!
M4
  

ﬁ 
ﬃﬀ

	"  ﬁﬀ
)!




C

% 	 
 ﬁ
;

\
%'
3
,

BC,G;

5
3
,+1%;
# 

 #>

	

  $

$
3Z8
B+;&	

%
L
(H%5
3Z8
/+5)%N*-,+')%,+')*
8
*MOC%
 
 
(
3Z8
0.5321 µ
L
*-,
$
AE
; 


  


%h/
3
,
8
/
L

2-%1
8
5)BC,

 # 




 # 




# 

!J

	








G\
3
/
L
%5
8
;

> 
 
19K+%2-2-%, H%5
R
;

&%,
8
KG;
GE#

*-' ];
3
,+6
(Q


\
?
BC5 :2-/+,+6G; 	
(
%,+%5
3Z8
*-BC,NBT +2-/+%71

1BCK+%5)%,
8
5
3
6+*
3Z8
*-BC,
	.')/
L
T 5)%F:/+%,+1 	
L
* Pe*-,
R
*-,
$

*

E

4
; 

(+(+2
 E
K 	0'

&%
8[8
ﬃ 
ﬀJ # 
!J

# 





	
 
(Q
O
]\
B 	06
3
,+6 O

$
2-%*-,
L 3
,G;ﬀ
 
(+(+2
]E
K
	0'

 



o




# 




	

#






B,+6 	C; 
JICGF    	 	#&-

	
C	  ' CJ 
!
ﬀ
!
ﬀJ
;*k,+*MOC%5)*
8
 
6G=

5)'
3
	;
Q(
3
5
3
 
8
5)%

	

J

\V+\
BC/+2
3
,
R
%5;.


E#

OC%;
(Q >
3
5[,+*M%5;

+\
BC,+,+*-,G;
Eﬀ
h*-2-2-%O
3
2<;
3
,+6 

0


BC,+6 	C;
	

+')BC2-/
8
%
L
%
3
')/+5)%
L
%,
8
BTﬀF:/
3
6+5
3Z8
*-1k,+BC,+2-*-,+%
3
5)*
8
*M%'UT 5)B
L
(+K
3
')% 
L 3Z8
19K+%6j')%1BC,+6 "K
3
5
L
BC,+*-1
R
%,+%5
3Z8
*-BC,l*-,
3
')*-,
R
2-%
$
E
15 	0'
893
2ﬀ1/
8h3
'
3
')(+K+%5)%;  


(
8

 
B01
 
L
S\ 
 #



# 





	





O

UBC2-BC')B OH;
N (Q
$
3
2-*-,+'
8
')%OH;
3
,+6 
 1D
$
5 	02-B OH; 	
E
K
3
')%I%g%1
8
'A*-,
3
6+BC/+2-% "(
3
')'T 5)%F:/+%,+1 	6+BC/+2-%5; 
 
B?O

%19K
HE
K
	0'

&%
8)8
ﬃ

o

# 



 

	

 
 

$
B
R
%2-,+* 
3
,+6
$
&*<;	 
3
')%5 ]%
3L
'
3
,+6X5)%')BC,
3Z8
BC5)'; 
E
5)B01%%6+*-,
R
'$BT
8
K+%


   ﬃ
 #

#?J

# 




	
!o 
N 
')K :*-,G;
(Q
O
\
B 	06G;
3
,+6 
(> 
O

*-%6

*-1; 	

%')BC,
3
,
8

(
8
*-1
3
2
 
% 
1BC,+6  
3
5
L
BC,+*-1
(
%,+%5
3?8
*MBC,
3
,+6
>
* Pe*-,
R
; 


  
BC/+5),
3
2BT %h/
3
,
8
/
L

2-%1
8
5)BC,+*-1'

 #




# 




	
 


O


3
,+1%;



!

 
K+%;
3
,+6  
 >
B0BC'
L 
2-2-%5; 	

BC,
8
*-,:/+BC/+' 

3
OC%;
3
2-2
')BC2-*-6 "'
893Z8
%; ')*-,
R
2-%  T 5)%F:/+%,+1 	



L
 ')BC/+5)1%
3Z8
o 


,
L

3
')%6QBC,N6+BC/+2 	
5)%')BC,
3
,
8
')/
L
 T 5)%F:/+%,+1 	
L
* Pe*-,
R
*-,
3jL
BC,+BC2-*
8
K+*M1i2-*
8
K+*M/
L
,+*-B
3Z8
%n5)%')B 
,
3Z8
BC5; 

(+(+2


(
8

 





 # 






# 





J

      
 
  
 

	
	





 
19K

%6+%4';
$E
%* ]; 



G3
,
8
K+*-%5;
N
!
 1
%O0' 
	C;
3
,+6  


3
2
8
K+%5;	
1
3
5)5)B


\
3
,+6

*-6
8
Kﬃ6+*-B06+% "2
3
')%5  
3
')%6 +2-/+%
3
,+6 /+2
8
5
3
O0*-BC2-%
8
2-*
R
K
8
')BC/+5)1%; 

(+(+2
SE
K 	0'
H\  
 #



 #




J




	
 

 
5
8[L
%5;

G\
2
3Z8)8
;2



 
3
2-2<;
3
,+6
> 

K:/G;	 
3
')%5
>
3
,+*-(+/+2
3Z8
*-B,WBT

8
B
L
*-1 H%
3L
O!%2-B:1*
8
*-%' <:OV%
L
BC,+'
8
5
3Z8
*-BC,$BT
 
8
BC(+(H%6

8
B
L
'
3
,+6  %2-B01*
8
	
5)%OC%5)'
3
2<; 
E
K
	0'


%O

&%
8)8
ﬃ
 




# 

!o


	





gE
K+*-2-2M*M(+'
3
,+6  
>
%
8
1
3
2MT ;&	 
3
')%5 OV%1%2-%5
3Z8
*-BC,jBT
3
,

8
B
L
*-1
\
%
3L
; 
E
K
	0'


%O

&%
8)8




o




# 


J

	


 


&*-')BC,G;
E#
 
1>K:/+KG; O

 
3
/+5)*-19KG;
3
,+6 O
 >
%')1>K+%6+%; 	  k*
R
K  +5)*-2M2M*
3
,+1%

%%
L 3
, "')2-B

%6i1%')*-/
L 3Z8
B
L
*-1H%
3L
; 
E
K
	0'


%O
   


#


!o

# 


 

	

 #




BCK+%, 

3
,+,+BC/+6
?
* ;$

OV/+(HBC,
8


B01;
3
,+6
(Q(
5 	0, H%5
R
;
*

!
JJﬁ#J CGF 


,
!
&-




&  ﬀ
,


J  ,
%J



,
8
%5

6+*
8
*-BC,+'
 

6+*
8
*-B,+'N6+/

1

 
;
# 




	

!J

E# N@>
BC2-%,
3C3
5;
E#
O
3
, 6+%5
 
8
5
3Z8
%,G;
3
,+6  
 (Q@> 
 k%*-6+%
L 3
,G;	 OV*
3R

,+BC'
8
*-1
8
%1>K+,+*-F:/+%T BC5

%%
L 3
, "1B
L
(H%,+'
3Z8
%6
3Z8
B
L
*-1H%
3L
')2-B

*-,
R
<

%1>K 
,+*-F:/+%
3
,+65)%')/+2
8
'; 
E
K
	0'


%O
  ﬃﬃ

!o


#



# 





	




 


 >
%
8
1
3
2MT
3
,+6
E#
O
3
, 6+%5
 
8
5
3Z8
%,G; 
*J A

 

' 

C

 $)

'

 
(+5)*-,
R
%5;
1
%


!
BC5 ];
# 


 

	



 
\V
OV*-/G;

.(
/
8
K
L 3
,+,G;O

&%6+%5)%5;
3
,+6
\V

BC/+2-%
8
;
  
:J	 ﬁﬀ
 
#&ﬃJ&	 ﬁﬀ

 k%5
L 3
,+,G;
# 



 

	


o 


 
E
5)%')';
 
 N 
%/ CBC2-' 
	C; 
$
U%
8)8
%5)2-*-,
R
;
3
,+6
\V#E#

2
3
,+,+%5 	C;
 ﬁ% 
!
 
!
 ﬀJ 

A

ﬀ H   
 
 2!
-

& 
!
A
)ﬁ &

'
 
3L
+5)*-6
R
%
k,+*MOC%5)')*
8
	
E
5)%')';
# 

!J

	


 

OV/+5
3
,+6G;
'

L,
:J#&	 ﬁﬀ

>
3
')')BC,G;
# 




	




$
$
/+5)B

/
3
,+6


 
K+*
L
*

/G;	 
3
')%5i1B:BC2-*-,
RX3
,+6

5
3
(+(+*-,
R
BT

3
2-1*-/
L
3
,+6
 
8
5)BC,
8
*-/
L
;  (+,


 
(+(+2
SE
K 	0'
ﬀ


J # J


# 





	


 
$:E#
OV*-,+,+%%,G;
$



UB
R
%2<;
 
5)*
L
BC,+6+B+;$



 
3
2-2<;
3
,+6
D (
3
2-2
3R
K+%5;
	

BC2-6 1BC2-2-*M')*-B,+'BT
 
5	 
 
5*-,
3NL 3R
,+%
8
B "BC(
8
*M1
3
2
8
5
3
(G; 
E
K 	0'


%O
  ﬃﬀ

#?J #


# 


 

	




!
@\
*-6+%2<;
\V
$
2
3
(+(
3
/eT ; 
@\
%5),
3
5)6G; O

OV%2
3
,+6+%;
(Q

3
]% 	05)*-%;

 >
*
,+*
3Z8
/+5
3
;O

 *-2 B

' :*<;
3
,+6


$
3
*-')%5;	

B0%K+%5)%,
8
&*
R
K
8

5
3
,+')(]BC5
8
*-,
3

BC2-6
 
8
5)BC,
8
*-/
L

2-BC/+6G; 
E
K 	0'


%O

&%
8)8

&J





J

J

J

	
#
 
(Q

*-,+,+%5;
$!\
*-,+,+%

*-%';



*-%K+2-%;
3
,+6
 
*-%
L 3
,+,G; 	
E
K+B
8
B
3
')')B:1*
3Z8
*-BC,
BT

BC2-6

3

8
B
L
'; 
E
K
	0'


%O

&%
8)8
ﬃ
ﬀJCJ
!J

J



	
#

#

> >
3
19K+K+BC2
L
;
E#
 

/+2-*-%,+,+%;
3
,+6
$


N
 
/+B
L
*-,+%,G;&	
 
/
8
K+%5
L 3
2&2-*-,+% 

*-6
8
K+' *-,Q(+K+B
8
B
3
')')B01*
3Z8
*-BC,.')(H%1
8
5
3
BTg1BC2-6
3
2 
3
2-*-,+% "%
3
5
8
K 
L
%
893
2
3Z8
B
L
'; 
E
K
	0'


%O
  ﬃ


J



#

J

J

       
 
  
 

	
J


#
	
#

J
 


/G;
$
 

&BT
8
/+';
> 


 
L
*
8
KG;ﬀ

 

 
3
2-2<;
N (
3
2-2
3R
K+%5;
3
,+6 

!
%;
	 O 	0,
3L
*-1'i*-,
3W8

B "2-%OC%2
3Z8
B
L L 3R
,+%
8
B "B(
8
*M1
3
2
8
5
3
(G; 
E
K
	0'


%O
-
ﬀ


#ﬀ#


#

 

J

J

	
#



!

3

3
')/G;
$
 >
3
:*<;
$
3

3
,+B+;
$

 kBC,+6
3
;
3
,+6
> 
$
/
L 3
:/+5
3
;ﬁ	
 
(+*-, 
')*-,
R
2-%
8
\
BC')% 

*-,+'
8
%*-,1BC,+6+%,+'
3Z8
*-BC,lBT
8

B "%2-%1
8
5)BC,
3Z8
B
L
'; 
E
K
	0'


%O

&%
8)8
% 






J




	
#

  $



UB
R
%2<;	 
3
')%5A1B:BC2-*-,
R
BC,
3
,
3
5)5)B

3Z8
B
L
*-1
8
5
3
,+')*
8
*-BC,
3
,+6
L
%
3
')/ 
5)%
L
%,
8
BT
8
K+%
8

B  HB06 	Q1BC2-6n1BC2-2M*-')*MBC,Q2-BC')'U5
3Z8
%*-,
3
'
8
5)BC,
8
*-/
L L 3R
,+%
8
B 
BC(
8
*-1
3
2
8
5
3
(9; 
ﬀJﬃJ
 
+E J		

 A

#C

;
# 




	
#
!o 
 
2-*-%2<; 

 kB
R
%5_OCBC'
8
;
$

2-')')BC,G;
3
,+6 


!E
%,+6+5)*-2-2<; 	  k*
R
K

%')BC2-/
8
*-BC,

3
')%5
 
(H%1
8
5)BC')1BC(
	ﬃBZT GB

  	0*-,
R
( 
 
893Z8
%'D*-,
 
5

$3
,+6
\
3 

; 

ﬀE
K
	0'


 
ﬀ
 # 


# 





	
#
 
 

0

$
2-/
R
%
3
,+6  

 
3
/
8
%5; 	 &%OC%2-15)BC')')*-,
R

Pe(]%5)*
L
%,
8
'#*-,
8
K+%

*-5)'
8

Pe*
8
%6 1P1
 
893Z8
%'kBT
8
K+%

2 
3
2-*-,+%

3
5
8
K+'; 

SE
K
	0'

ﬀJ

o






# 






	
#



O

&*-6+%; 


C  

 %
 
!
ﬀ ﬃJ& 
%

C ﬀ 
:J
!
J
 


E
5)%')';
# 


o

# 





	
#
 
 
\
*

%;ﬀ	

%'
8
'	T BC,+6
3L
%,
893
/0P 
 2<=
3
*M6+%l6G= K+BC5)2-B
R
%' 

3Z8
B
L
%'nT 5)BC*-6+'n6+%
5)/+*-6+*-/
L
%
8
6+%W1
 
')*-/
L
9; 
J CIC

!
,
C 6F ﬁ

+E J	 L 4 ﬃJ %#
;
J

#

	
#







k3C3
G;
> 0E
5)%,
8
*-')';
N

3
+2-%;
 


K0/G;
3
,+6 O
 0E
5)*
8
19K
3
5)6G; 	

5
3
( 
(+*-,
R
BT
1
%/
8
5
3
2
 
B06+*-/
L

8
B
L
'

*
8
K
k3
6+*
3Z8
*MBC,
E
5)%')')/+5)%; 
E
K
	


%O

&%
8)8
ﬃﬀ
ﬀJ


# eJ





# 





	
#ﬀ#
 



\
3
/+')1>K+2-*M1>K+%5;
 




3
,
R
K+B ;
3
,+6  
@E
3Z8
5)*-6
R
%;ﬂ	

K+%	5
3
6+*
3Z8
*MOC%
2-*MT %
8
*
L
%.BT
8
K+% 1D2
'
893Z8
%iBT

33
,+6
 
5 <
3
1BC5)%QO
3
2-%,+1%
8
5)%
3Z8[L
%,
8
;  

E
K 	0'
H\ 
 #
o
J

 #
o

J

# 

!o


	
#ﬀ#ﬀ#
 


/G;
h
 

&BT
8
/+';ﬀ

 

 
3
2-2<;
Nﬀ(
3
2-2
3R
K+%5;
3
,+6 

!
%;	

B:BC2-*-,
R.3
,+6
8
5
3
(+(+*-,
R
BT
3Z8
B
L
*-1h'
8
5)BC,
8
*-/
L
;  


(
8

 
B01
 
L
S\  
 



J




	
#ﬀ#?J

N> 
 
8
%
3
,+%;
> 

K+B

6+K0/+5 	C;
3
,+6





B0B
8
;ﬁ	
k3
6+*
3Z8
*-B,T BC5)1%N*-,
8
K+%
L 3R
,+%
8
B "BC(
8
*-1
3
2
8
5
3
(G; 


(
8

 
B:1
 
L
S\ 
ﬀJ #


J

# 

!J

	
#ﬀ#


$ >
/ 
3
* 	
3L 3
;  

$
3Z8
BC5)*<;
$


6+B+;
!

&*<;
3
,+6
> 
$
/

3Z893

(
BC,+B
3L
*<;
	

%1BC*-2"2M*
L
*
8
%6I2
3
')%5ﬀ1B0BC2-*-,
R
BT 87
 
5
3Z8
B
L
'ﬀ,+%
3
5
8
K+%

%5
L
*
8
%
L
(H%5
3Z8
/+5)%; 
E
K 	0'


%O

&%
8)8
% 
 #ﬀ#


J

J




	
#ﬀ#

 
$


6+B+;
!



')B 	
3
;
3
,+6  

$
3Z8
BC5)*<; 	

(
8
*-1
3
2"6+*M(HBC2M%
8
5
3
(+(+*-,
R
BT
 
5
3Z8
B
L
'
3Z8
K+*
R
K(+K
3
')% "')(
3
1%D6+%,+')*
8
	C; 
E
K
	0'


%O
   


#




J



	
#ﬀ#
o 



@E#
OV5)%OC%5;



 
3
2-2<;




$
B

3
2-' :*<; 

 kBC/
R
KG;
(Q > 

BC5)6G;
N

2>
/+,+2-% 	C;
3
,+6  


3
5)6G;	 
3
')%5
E
K
3
')%
3
,+6

5)%F:/+%,+1 	
 
893
+*-2-*-'
3Z8
*MBC,
k')*-,
Rn3
,

(
8
*-1
3
2

%')BC,
3Z8
BC5; 

(+(
]E
K
	0'
H\
 

 


 #
!o

# 





	
#ﬀ#
 


,
*

!
ﬃ C

'*J
  	ﬀ
 
#"	
 

ﬀ
:J	ﬁ 


ﬃ  ﬁﬀ
"!

 J#

C$ C*J 

C% 
&

' 

;
E#)(
*-2M2<;0%6

;

ﬃBC5)2-6
 
1*-%,
8
*

1;
 
*-,
R!3
(HBC5)%;
J

#>

J

J
      
 
  
 

	
	
#ﬀ#



E
BC/+,+6G; 	

2-%1
8
5)BC,+*-1jT 5)%F:/+%,+1 	
 
893
+*M2-*
43Z8
*MBC, BT
>
*-15)B

3
OC%

')1*-2-2
3

8
BC5)'; 

%O

 
1*



,+'
8
5)/
L
 ﬁ







# 





	
#ﬀ#
 

O
7\
2
3
1]; 	

, *-,
8
5)B:6+/+1
8
*-BC,
8
B
E
BC/+,+6 	OV5)%OC%5   
3
2-2A2
3
')%5QT 5)%F:/+%,+1 	
'
893
+*-2-*
43Z8
*-B,G; 

L


]E
K
	0'
ﬀ



>



J



	
#ﬀ# 


O

 
3
2MT BC5)6G;
	


,eT 5
3
5)%6
L
*-15)B

3
OC%VT 5)%F:/+%,+1 	' 	0,
8
K+%')*-'6+%')*
R
,G;e')B
L
%V5)%2-% 
O
3
,
8
1BC,+1%(
8
/
3
2@,+BC*-')%
3
')(H%1
8
'; 


,
	"  ﬁﬀ
"!


 
#

C#C*J

&ﬃ

' 

 
 
 


;(+(




# 




3
O
3
2<;%V/+% H%1;
# 


#>

	
#?J
 


OV%
LN8
5
 
6+%5; 
*J
 
ﬀ
!
&
:J
!

ﬃ 


 
(+5)*-,
R
%5;
1
%

!
BC5 ];
# 


#>

	
#?J #

N 
 
*-%
RCLn3
,G;  
*J J

k,+*MOC%5)')*
8
	')1*-%,+1%]B0B:';
>
*-2-2 
3
2-2-% 	C;
# 




	
#?JCJ

$-N7\
*-5 :';*



$
,+*
R
K
8
;
3
,+6
E#
 


/+')')%2<;ﬀ	

,+6+2-%')')2 	 ')*-,
R
2-% 
L
B:6+%
(+K+B
8
BC,+*-1$15 	0'
893
2

H%5; 

(
8

&%
8[8

 


#

# 





	
#?J




 





$

k3
, 
3i3
,+6
N


 
8
%,
8
;&	 V*-')* +2-%V1BC,
8
*-,:/+/
LR
%,+%5
3Z8
*-BC,
*-,
3
*-5 "')*-2M*M1
3NL
*-15)BC'
8
5)/+1
8
/+5)%hBC(
8
*-1
3
2

H%5)'

*
8
K
3
,+B
L 3
2-BC/+'6+*-')(]%5)')*-BC,
3Z8

,
L
; 

(
8

&%
8)8
ﬃ
&J
o

J



	
#?J

 
(Q

B O!%5
3
;
(Q
 
3
,
893
5)%2-2M*<;
3
,+6
N

2
3
*-5)BC,G;	

5)%F:/+%,+1 	ﬃ' 	0,
8
K+%')*-'.19K
3
*-,
T BC5
8
K+%
3Z8
B
L
*-1hT BC/+,
893
*-,(+5)*
L 3
5 	 T 5)%F:/+%,+1 	j'
893
,+6
3
5)6G; 


   
5
3
,+'

BC,
k2
8
5

;

%5)5

3
,+6

5[%F


BC,
8
5


 


o 


# 





	
#?J
o 
N 
(HBC2-BC,+' :*<;
N:E
BC(+(H%;
(Q

%
L
(]%
3
;


 
(+*-%2
L 3
,+,G;
$
k6+%
L
;


 kBC2



3
5
8
KG;
$


 3,+')19KG;
3
,+6


$
5
3
/+'

;
E
K
	0'


%O

&%
8)8
&ﬃ





J
 


	
#?J
 
(Q
 
3
,
893
5)%2M2-*<; 	

BC,
8
5)* +/
8
*-BC,
$2
3 
 
3
2-*-'
3Z8
*MBC,Q6G= /+,+%

BC,
893
*-,+%
3Z8
B
L
*-F:/+% 9;

JCC

!
,
C  F ﬁ

+E J	 L 4 ﬃJ %#
;
# 




	
#?J







/
L 3
5 
3
,+6
 
 N#\
BC5
R
'
8
5
 
L
;	

	06H%5
R
 
%5)*-%'D*-,
 
8
5)BC,
8
*-/
L

BC/+,+6 *-,

+')BC5)(
8
*-BC,

	
 
%2-%1
8
*MOC%2 	 
3
')%5 

Pe1*
8
%6
3Z8
B
L
'; 
E
K
	0')*-1
3
 
15)*-(
893

 # 


eJ


# 





	
#?J
 
K
8)8
( <
   
1T
3



K
3
5_O
3
5)6

%6+/
 
3L
6
3Z893
 
3L
(H6
3Z893
 
:/+5)/+1
 J

 
')%$:/+5

K
8[L
2

	
#?J


(Q

%5)5
3
5)*<;
E#

3
,+1*-B+;


OV5)/+2-2-*-,
R
%5;
(Q/(
*-/+'_T 5)%6+*<;
1D&E
BC2-*<;
> &E
5)%O!% 
6+%2-2-*<;


BC,+*-,+%2-2-*<;
3
,+6
(Q2> 
*-,+B+;	
E
5)%1*-')*-BC,T 5)%F:/+%,+1 	
L
%
3
')/+5)%
L
%,
8
BTSO0*-')* +2-%U*-,
8
%5)1B
L
+*-,
3Z8
*MBC,D2-*-,+%'#BT]'
8
5)BC,
8
*-/
L
; ')/
L
*
8)8
%6
8
B
E
K
	0'


%O

&%
8)8


J




	
#

 
E#
&%
L
BC,+6+%;
(Q
 
3
,
893
5)%2-2-* ;
E#

3
/+5)%,
8
;

SE
%5)%*-5
3
OVBC'
 
3
,
8
BC';
N

2
3
*
5)BC,G;
3
,+6


 
3
2-B
L
BC,G; 	

K+%j')%,+')*
8
*MO0*
8
	 T /+,+1
8
*-BC, <
3
,+%

8
B:BC2T BC5
8
K+%
%O
3
2-/
3Z8
*-BC, BT&T 5)%F:/+%,+1 	')K+*MT
8
'7*-,
3Z8
B
L
*-1k')(H%1
8
5)BC')1BC(
	C; 


,
*

!
M5
 	" 
 ﬁﬀ
"!

KA


&

 

ﬀ
:J	ﬁ
;

E
3
'
3
6+%,
3
;
# 





	
#

#

E#
&%
L
BC,+6+%; 	
E
 




<

8
/+6+%6G= /+,+%lK+BC5)2-B
R
%	')(
3Z8
*
3
2-%	/
8
*-2-*M'
3
,
8
6+%'
3Z8
B
L
%'$5)%T 5)BC*-6+*-'$(
3
5I2
3
')%5
 
5
 
3
2-*-'
3Z8
*-BC,Y6G= /+, (+5)B
8
B
8
	0(H% 9; 
JCC

!

,
 C  F ﬁ

+E J	 L 4 ﬃJ %#
;
# 




       
 
  
 

	
J



	
#

J



 

&%
8
B:K+B O
3
,+6 
E#

K+% HB
893
	C%OH;
 


 

  *J J,ﬀ
!
&
:J
!

ﬃ 


 
(+5)*-,
R
%5  U%5)2
3R
;
\
%5)2-*-,G;
# 

 


	
#




 
19K

3
5
8
; 	

K+%BC5 	 BC,   	0(]%5

,+%
 
8
5)/+1
8
/+5)%; 
E
K 	0'


%O
 




# 

oCo


	
#


 
 

 
O
3
, H%5
R
;@*-,
H,
 
! 


!
ﬁ  
 
ﬀ
!
&
:J
!

ﬃ 

;
 
(+5)*-,
R
%5  U%5)2
3R
;#%6

;

# 

 #>

	
#

o 
(Q

/
E
/
8
2-*
8
; 	
\
%'
8
*
LnL
/+,
R
6+%'i%2-%$
8
5)*-')19K+%,
$
%5)F:/
3
6+5)/+(HBC2
L
B
L
%,
8
%'
6+%'b/+,
R
%5
3
6+%, '
893
+*-2-%,
 
8
5)BC,
8
*-/
L


 
$
%5[,+'; 

jE
K
	0')* 
ﬁﬃ

o 



# 





	
#

 

0\
/+19K+*-,
R
%5;



BC5)5[* O!%
3
/G;
3
,+6
e\V
k3L
'
3
	C; 	


,
 
/+%,+1%VBT
8
K+%
1
o 
')K+%2-2ﬀ12-BC')/+5)%DBC,
L
%
3
,l')F:/
3
5)%N19K
3
5
R
%N5
3
6+*-*GBT '
8
5)BC,
8
*-/
L
; 
E
K 	0'


%O


 

ﬀJ
!o 

# 

!o


	
#









 
BH%2
L 3
,G;
H,
 
!
J,ﬀ
!
& 

C #C&&+E &

J	&-


J

 
(+5)*-,
R
%5 
U%5)2
3R
;
# 



 

	
#

 
(Q 
2

%
8)893
;
Nﬀ(
B
$
*-,+*<; 
 >
BC*<;
3
,+6
(Q

5)5)*-BC2-'; 	

,

Pe(H%5)*
L
%,
893
2
>
% 
8
K+B06 T BC5
8
K+%

+')%5_O
3Z8
*-BC, BT



 
5
3
,+')*
8
*-BC,+'
3
,+6 
3
')%5
\
%
3Z8 
%')B 
,
3
,+1%'k*-,

5)*-%,
8
%6
1
3

3
(]BC/+5; 
1
/+B OCB

*
L
%,
8
B
 


o
eJ


# 





	
#




(Q

5)5)*-BC2M';	
1
BC,
3
+')BC5)(
8
*-BC,

%')BC,
3
,+1%' 
	
1
BC,+2-*-,+%
3
5

BCK+%5)%,
8

g%1
8
'
*-,
3

K+5)%%  &%O!%2
 
	0'
8
%
L
; 
1
/+%OCB

*
L
%,
8
B
ﬃ
 

 # eJ


# 



 

	
#

 
 
5)*
L
BC,+6+B+;ﬁ	

BCK+%5)%,
8
E
BC(+/+2
3Z8
*-BC,

5
3
(+(+*-,
R
*-, 
3
')%5
 
(H%1
8
5)BC')1BC(
	C; 
E
5)B
R
5)%')'k*-,

(
8
*-1'
  
 (+(

J
o



o


# 





	
#


#




BCK+%, 

3
,+,+BC/+6
?
*
 
8
/+6+%
R
 
,
 
5
3
2-% 6+% 2
3
1BC,
SR
/+5
3Z8
*-BC, 
3L
H6
3


BC/+5)' 6+% (+K 	0')*-F:/+%
3Z8
B
L
*-F:/+% %
8 L
BC2

1/+2
3
*M5)%
3
/ 1BC2-2
R
% 6+%

5
3
,+1%

K
8)8
(=<
   


(+K
	0'

%,S'

T 5
 
1BC/+5)'
 
1BC2-2-%
R
% "6+%  T 5
3
,+1%

	
#


J

$
G3
,+BC,G;
 
(
/
 
5
3
,+6+%2<;

O


2-%5)1F];
1I
OV*
L 3
5)1F];
3
,+6
N

2
3
*-5)BC,G;	

B 
K+%5)%,
8
(]BC(+/+2
3Z8
*-BC,
8
5
3
(+(+*-,
R

*
8
KQ1B2-6
3Z8
B
L
'; 


,
*

!
M2
  


 %ﬃ&

' 

 

ﬁ 
ﬃﬀ

	"  ﬁﬀ
"!

 

C

%$	 
 ﬁ 

C
ﬁﬃ ﬃ"!
#
  
#

,

&-


	"  ﬁﬀ
"!

 A


&

 

ﬀ
:J	ﬁ
;


3L
(
3
;ﬀ
 

;
J




	
#








 
/+2M2-*MO
3
,j;
 
	 	ﬀJﬃJ 
 
+EM 
  *	-+J  ﬁ#'    
ﬀ
J 
 E

& 
 
M
 
M H%M
;
# 




	
#

 
 


 
 (
3
5)'
893
,
R
; 	   	0(H%5

,+%
 
8
5)/+1
8
/+5)%
3
,+6


,
8
%5)1B
L
+*-,
3Z8
*-BC, &*-,+%


, 
8
%,+')*
8
*-%'*-,
8
K+%
 
(H%1
8
5
3
BT
>
3R
,+%')*-/
L
;

*-,+1;

3
6
L
*-/
L
;
3
,+6
>
%5)1/+5 	C; 

(
8

 
B:1
 
L
ﬃ


:o

# 


J

	
#

:o 
 
 (Q


ﬃ%5)*
?
;


 
 (
5)%%,+%;

  
K+%B06+B'[*MBC/G;
3
,+6
N (
3
2-2
3R
K+%5;
	

')1*-2-2
3?8
BC5g'
8
5)%,
R8
K+'
3
,+6I5
3
6+*
3Z8
*MOC% +5
3
,+19K+*-,
R
5
3Z8
*-BC'G*-,
3Z8
B
L
*M1
 
5; 
E
K
	0'


%O
 



# 

!J

J
 

      
 
  
 

	
	
#

 


OV5)B

6+B

' :*<;
> 

"R
,
3
1*-/ ];

$

%2
3
;
3
,+6 

 k%2-6
8
;'	
k3
6+*
3Z8
* OC% 2-*MT %
8
*
L
%'
BT
8
K+%D2-B

%'
8 3P1
L
%
893
'
893
+2-%I'
893Z8
%'kBT

3n3
,+6
 
5; 

]E
K
	0'

O


 #?J
o

# 





	
#




N
&/+5)*-B+;
>  >
3
,+6+%2<;
3
,+6

 1
B?O0*-1]; 	
 
%1BC,+6 

5)6+%5   	0(]%5

,+%
3
,+6

%%
L 3
,

BC5)5)%1
8
*-B,+'$T BC5
3
,

J 

BC,
SR
/+5
3Z8
*-BC,G; 
E
K 	0'


%O
 ﬀ
 #

o 

# 


J

	
#

 
&E
%* ];
(Q
 kBC2-2-%
L 3
,+,G;
3
,+6  


3
2
8
K+%5;	 
3
')%5$1B:BC2-*-,
R3
,+6XF:/
3
,
8
/
L
?
/
L
(+'BT
3
')*-,
R
2-%h*-,+6+*-/
L
*-BC,G; 
E
K
	0'


%O
 





J 



# 






	
#






 (Q:E
3
2<= 1>K+* B OH; 	
 
(H%1
8
5)BC')1BC(+*-1A1>K
3
5
3
1
8
%5)*-'
8
*M1'BT
3
2 
3
2-*M,+% "%
3
5
8
K
3Z8
B
L
'
T BC5
3Z8
B
L
*-1hT 5)%F:/+%,+1 	l'
893
,+6
3
5)6+'; 


,
*

!
ﬃ C

'*J 
 

 

ﬁ 
ﬃﬀﬃ

	" 
 ﬁﬀ
"!

 

C

% 	
 ﬁ
;l(+(
 


J

 
8
SE
%
8
%5)' +/+5
R
;
J

J

	
#
o  
> 
!73
')/+6
3h3
,+6  

$
3Z8
BC5)*<;'	 &*MT %
8
*
L
%
L
%
3
')/+5)%
L
%,
8
BT
8
K+% 3P2
L
%
893
'
893
+2-%
'
893Z8
%kBTG'
8
5)BC,
8
*-/
L
; 


,
H J&
!

 4	ﬀ

  

,

&-



!



 ﬃ
"!
 


 *J J,ﬀ
!
&
:J
!

ﬃ 

;

E
3
2
L

B O!%;

/+'
8
5
3
2-*
3
;
J




	
#
o
#

N
OV%5)%O0*
3
, B+; 	

%
3
')* +*-2M*
8
	$BT]1B:BC2-*-,
RV3
,+6
8
5
3
(+(+*-,
RVL
%
893
'
893
+2-%
3
2 
3
2-*M,+% 
%
3
5
8
K
3Z8
B
L
'; 
E
K
	0'


%O

&%
8)8



J


J

J

#>

	
#
o
J

K
8)8
( <
   



% H%2-%
L
%,
8
'

1B
L
 

% H%2-%
L
%,
8
'
 
%2-%
L
%,
8
'
 
8
%>P
8
 
 
5
 
,0/+12

K
8[L
2

	
#
o





U\
BC5)6
 
; *-,
H ,
 #

,  
%& 

;
E#

U\
%5
L 3
,G;@%6

;


1
3
6+%
L
*-1
E
5)%')';
# 




;(

J
o


	
#
o 
 
 
eE
%5)5)*-,G;
	

%T 5)BC*-6+*M')')%
L
%,
8
6G=
3Z8
B
L
%'76+%V1
 
')*-/
L
1BC,

,
 
'6
3
,+'/+,	(+*
R
%
6+*-(HBC2
3
*M5)%
8
5

'h6
 
'
3
11BC5)6
 
9; 
J C C

!
,
 C  F ﬁ

+E J	 L
4 ﬃJ%#
;
# 




	
#
oCo 


!



%
8V3
2

;+')/
L
*
8)8
%6
8
B%
]E
K
	0'
H\

J




	
#
o  
$
$
*-'
8
%5)';



%*-' C%Z;



*-%K+2-%;
3
,+6 

 k%2
L
1C%; 	  k*
R
K "5)%')BC2-/
8
*MBC,i')(H%1 
8
5)BC')1BC(
	

*
8
K 2
3
')%5 "1B0BC2-%6
3
,+6
8
5
3
(+(]%6	1
3
2-1*-/
L 3Z8
B
L
'; 

(+(+2
0E
K
	0'
S\
ﬃﬀ





# 






	
#
o


$
$
/

3L
B
8
B+;
$

 kBC,+6
3
;
!

3

3
K
3
')K+*<;
3
,+6
$
!73
+/
43
:*<;	
>
3R
,+%
8
B 
BC(
8
*-1
3
2
8
5
3
(+(+*-,
R
BT
!

3Z8
B
L
'n/+')*-,
Rﬃ3
, *-,
8
%5)1B
L
+*-,
3Z8
*MB,
8
5
3
,+')*
8
*-BC,G; 
E
K
	0'


%O
   
 


:o

# 


 

	
#
o  
E#
 

%,+')')%,G;

(
%5

;
E#
O

&%
8)8
; 

O
ZE
K+*-2-2-*M(+';
 




BC2-'
8
BC,G;






 
(+5)%%/

;
3
,+6





ﬃ%'
8
+5)B0B]; 	

+')%5_O
3Z8
*-BC,QBTgF:/
3
,
8
*

%6
L
B
8
*-BC,.BT


3Z8
B
L
'*-,
3
,lBC(
8
*-1
3
2

%2-6G; 
E
K
	0'


%O

&%
8)8
%ﬀ






# 

!J

	
#
o



O
ﬀ\
BC*-5)BC,G;
ND>
*-19K
3
/+6G;
D> 

B/+5[,+*M%5; 

 
*
L 3
5)6G;
> 
 
(+5)%,
R
%5
3
;
(Q
(
5 	0, H%5
R
;
3
,+6


 
3
2-B
L
BC,G; 	

BC2-6
3
,+6 6+%,+')% 1%')*-/
L
12-BC/+6+'W*-, T
3
5 
6+%
8
/+,+%6j6+*-(]BC2-%
8
5
3
(+'; 
E
K 	0'


%>O
 Nﬃ
ﬂ


#


# 





	
#
 


\
BC/+1>K+BC/+2M%; 	

%T 5)BC*-6+*M')')%
L
%,
8
(
3
5 
3
,+6+%' 2
3Z8
 
5
3
2M%'#6G=
3Z8
B
L
%'6+%1
 
')*-/
L
%
8
F:/+%2-F:/+%'
3
(+(+2-*-1
3Z8
*MBC,+' 9; 
J C C

!
,
 C% F ﬁ

+E J	 L 4 ﬃJ %#
;
J


       
 
  
 

	
J

:o
	
#

#

NN
k3
6

*
Rh3
,+6
\V,> 
 
L
*-5),+B OH;
 	 
"!
 	# 


H ,
J 



!
ﬁJ 


C # 


J

 
(+5)*-,
R
%5  U%5)2
3R
;
\
%5[2M*-,G;
# 

!o


	
#

J

(Q
 
3
,
893
5)%2-2-*<;

 
/+6+BC*-,G;
N>
3
:6+*-')')*<;
E#

3
/+5)%,
8
;
(Q


OV*-1];
3
,+6
N

2
3
*-5)BC,G;	

5)%F:/+%,+1 	
 
893
+*-2-*
8
	 OV%
R
5
3
6
3Z8
*-BC, BT
3
,

')1*-2-2
3Z8
BC5
 
2
3
O!%6
8
B
3
E
%5)*-B06+*-1
3
2-2	


,
8
%5)5)B
R!3Z8
%6

8
B
L
*-1

%')BC,
3Z8
BC5; 


   
5
3
,+'

BC, k2
8
5

;

%5)5

3
,+6

5)%F


BC,
8
5


ﬃ










# 





	
#



$+\
BC/+5)6+%2<;.


/+*

BC2-2M%'; 

$
K
3
	;B?O0*-19KG;
$
> 

 >
3R!3
2-K
 
%';
 





> 


$
B%2
L 3
,+';
(Q


 
K+2 	
3
(+,+* B OH;
3
,+6


 
3
2-B
L
BC,G; 	
>
%
3
')/+5)%
L
%,
8
BT
8
K+%


,
8
%5
3
1
8
*-BC,

,+%5
R
	 ,+%
3
5
3 
%')K 
3
19K

%')BC,
3
,+1%l*-,
3
&*

%5
L
*
(
3
'; 
E
K 	0'


%O

&%
8)8
% 


J


J

J




	
#

  $
 
 
8
5)%1C%5;
(Q\V@E
3
5
8
5)*-6
R
%;
3
,+6

 (Q
 k/+2-%
8
; 	

BC,!O!%5)')*-BC, BT
3
,

8
B
L
*-1

%5
L
*
(
3
'
8
B
3
&BC,
R
 &* O!%6
>
BC2-%1/+2
3
5
\
BC')%
(
3
'; 
E
K
	0'


%O

&%
8)8


 #

J




	
#
!o 



BCK+%, 

3
,+,+BC/+6
?
*<;
\V
OV*-/G;
3
,+6



3
2-B; 
L
!


	 ﬁﬀ  ﬁ 

&	 ﬁﬀ

 k%5 
L 3
,+,G;
# 





	
#
 




 k/+,
8
%5;ﬁ
 N

3
2 %5;
3
,+6 O

 

ﬃ%*-')'4; 	

+')%5_O
3Z8
*-BC,	BT
3
,

8
B 
L
*-1
 
893
5)1 

2-%1
8
5)*-1  %h/
3
6+5)/+(]BC2-%


,
8
%5_T %5)%,+1%; 
E
K
	0'


%O

&%
8)8

ﬃﬀ


J


# 




	
#



!

 
BC5
893
*-'; 	

BC,+'
8
5)/+1
8
*-BC,N6G= /+,+%T BC,
893
*-,+%U6+BC/+2-% 

3Z8
B
L
%'ﬀT 5[B*-6+'#6+% 87  
%
8
6+% 133  '; 8 /+6+%I6+%'A%g% 8 'k6   (]%,+6 3 , 8 6+/l,+B L +5)%$6G= 3Z8 B L %'6 3 ,+'A/+,+%
T BC,
893
*M,+%

9; 
JCC

!
,
 C  F ﬁ

+E J	 L 4 ﬃJ %#
;
J


	
  
O
 
2-2
3
,G;
E
5)B01



   ﬃ
&JCJ








Re´sume´
Ce me´moire rapporte les premiers re´sultats d’une expe´rience visant a` de´velopper
une horloge optique a` atomes de strontium pie´ge´s. Ce dispositif re´unit les avan-
tages des diffe´rentes techniques utilise´es jusqu’a` pre´sent pour re´aliser un e´talon de
fre´quence atomique. La premie`re partie de´crit la re´alisation de la source d’atomes
froids. Un pie`ge magne´to-optique fonctionnant sur la transition 1S0 − 1P1 a` 461 nm
est charge´ a` partir d’un jet atomique de´ce´le´re´ par un ralentisseur Zeeman. La source a`
461 nm est re´alise´e par somme de fre´quence dans un cristal de KTP. Dans la deuxie`me
partie sont de´taille´es les e´tapes mises en oeuvre pour effectuer la de´tection par ex-
citation directe de la transition d’horloge 1S0 − 3P0 du 87Sr, de 1mHz de largeur
de raie the´orique. Pre´alablement a` cette observation, une premie`re estimation de la
fre´quence de la transition d’horloge a e´te´ obtenue en mesurant la fre´quence absolue
de plusieurs re´sonances optiques plus largement permises.
Mots cle´s : e´talon de fre´quence atomique, spectroscopie de tre`s haute re´solution,
mesure absolue de fre´quence optique, atomes froids, ralentisseur Zeeman, me´lange
non-line´aire de fre´quence
Abstract
This thesis reports the first results towards the realization of an optical clock
using trapped strontium atoms. This set up would combine advantages of the dif-
ferent approaches commonly used to develop an atomic frequency standard. The first
part describes the cold atoms source which is implemented. A magneto-optical trap
operating on the 1S0− 1P1 transition at 461 nm is loaded from an atomic beam dece-
lerated by a Zeeman slower. The 461 nm laser is obtained by sum-frequency mixing
in a KTP crystal. The second part is devoted to the different stages developed to
achieve the direct excitation of the 1S0 − 3P0 clock transition in 87Sr. This line has
a theoretical natural width of 10−3Hz. Before this detection, we obtained an esti-
mate of the resonance frequency by measuring absolute frequencies of several allowed
optical transitions.
Key words : atomic frequency standard, very high resolution spectroscopy, ab-
solute optical frequency measurement, cold atoms, Zeeman slower, sum-frequency
mixing
